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ABSTRACT	
	 Mammalian	lingual	epithelium	is	continuously	exposed	to	external	and	internal	
factors	that	perturb	homeostasis,	and	hence	the	tongue	surface	must	be	continually	
renewed.	The	lingual	epithelium	comprises	both	taste	and	non-taste	elements.	The	
functional	units	of	taste	epithelium,	taste	buds,	are	collections	of	taste	receptor	cells	
that	transmit	chemical	stimuli	to	the	brain	through	sensory	neurons.	Lingual	taste	buds	
are	housed	in	specialized	taste	papillae,	including	fungiform,	patterned	anteriorly,	and	
foliate	and	circumvallate	located	posteriorly.	Non-taste	epithelium	occupies	the	
majority	of	the	anterior	tongue	surface,	and	comprises	mechanosensory	filiform	
papillae.	A	molecular	regulator	of	tissue	maintenance	is	the	sonic	hedgehog	(Shh)	
pathway.	Inappropriate	activation	of	the	pathway	underlies	several	cancers,	but	the	
role	of	hedgehog	(Hh)	signaling	in	taste	bud	renewal	is	unknown.	Another	regulator	of	
epithelial	tissues	is	the	transcription	factor	Sox2.	In	tongue,	Sox2	is	differentially	
expressed	in	taste	papillae	versus	non-taste	epithelium,	suggesting	specific	functions	
for	maintenance	of	each	compartment.	My	thesis	work	using	mouse	models	tests	the	
hypothesis	that	renewal	of	adult	tongue	epithelium	is	positively	regulated	by	Hh	
signaling	via	Sox2.	First,	I	investigate	if	Shh	is	sufficient	to	induce	taste	bud	formation.	
Using	an	inducible	Cre-lox	system	to	over-express	Shh	(ShhcKI)	in	lingual	progenitors	
results	in	ectopic	taste	buds.	However,	these	differentiated	taste	buds	lack	innervation,	
in	contrast	to	the	long	held	idea	of	neural	maintenance	of	adult	taste	buds.	Next,	I	
	 iv	
assessed	if	Shh	is	required	for	taste	bud	renewal	as	pathway	inhibitors	used	to	treat	
cancer	disturb	patients’	sense	of	taste.	Pharmacological	inhibition	of	the	pathway	and	
genetic	deletion	of	Shh	demonstrate	that	epithelial	Shh	and	a	previously	unidentified	
neurally	derived	source	of	Shh	are	both	required	for	taste	renewal.	Each	Shh	source	can	
compensate	for	the	other,	establishing	a	redundant	system	for	taste	epithelium	
renewal.	Finally,	I	examine	the	role	of	Sox2	in	lingual	epithelial	homeostasis.	Lingual	
expression	of	Sox2	is	decreased	when	mice	are	treated	with	Hh	inhibitors.	Additionally,	
epithelial	deletion	of	Sox2	prevents	differentiation	of	taste	and	non-taste	epithelium	
causing	epithelial	hyperplasia.	These	data	suggest	Sox2	is	downstream	of	Shh	and	
regulates	the	output	of	Shh	signaling.	
The	form	and	content	of	this	abstract	are	approved.	I	recommend	its	publication.	
Approved:	Linda	A.	Barlow	
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CHAPTER	I	
INTRODUCTION	
	 The	adult	mammalian	tongue	epithelium	is	composed	of	non-taste	and	taste	
epithelium.	The	non-taste	compartment	consists	of	basal	progenitor	cells	that	
differentiate	into	keratinocytes	that	organize	into	rough	filiform	papillae	on	the	dorsal	
tongue	surface	(Hume	and	Potten,	1976;	Kawasaki	et	al.,	2011).		The	taste	epithelium	
embedded	within	the	predominant	non-taste	epithelium	provides	our	sense	of	taste	
that	determines	our	daily	dietary	choices.	The	majority	of	functional	units	of	the	taste	
system,	taste	buds,	lie	within	specialized	epithelial	papillae	on	the	tongue.	Lingual	taste	
papillae	are	classified	as	fungiform	on	the	anterior	tongue,	foliate	and	circumvallate	on	
the	posterior	tongue.	Taste	buds	house	taste	receptor	cells	that	are	responsible	for	
transducing	chemical	stimuli	to	specialized	sensory	neurons	that	carry	the	signal	to	the	
brain.	Fungiform	taste	buds	synapse	on	afferent	fibers	of	ganglion	cells	of	the	chorda	
tympani	branch	of	the	facial	(nVII)	nerve	and	the	lingual	branch	of	the	trigeminal	(nV)	
nerve,	whereas	the	most	posterior	foliate	and	circumvallate	taste	buds	are	innervated	
by	the	glossopharyngeal	(nIX)	nerve	(Fig.	1.1).	
	 The	lingual	epithelium	is	continuously	renewed	throughout	life	from	mitotically	
active	progenitor	cells,	which	are	epithelial	cells	located	along	the	basement	membrane	
(Beidler	and	Smallman,	1965;	Hume	and	Potten,	1976;	Farbman,	1980;	Delay	et	al.,	
1986;	Sullivan	et	al.,	2010).	This	high	proliferative	activity	makes	them	particularly	
vulnerable	to	anti-cancer	treatments	that	target	rapidly	proliferating	cells	(Dean	et	al.,	
2005;	Mukherjee	and	Delay,	2011;	Nguyen	et	al.,	2012).	The	current	model	for	taste	bud	
cell	renewal	is	that	proliferating	cells	represent	both	a	stem	population	and	transit		
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Figure	1.1.	Mouse	tongue	anatomy.		
Fungiform	(FF)	papillae	are	found	in	a	distributed	pattern	on	the	anterior	two-thirds	of	
the	tongue.	Bilateral	foliate	(Fol)	papillae	and	a	single	circumvallate		(CV)	papilla	are	
located	posteriorly.	Taste	papillae	comprising	the	taste	epithelium	(pink)	are	
embedded	within	the	predominant	non-taste	epithelium	(gray)	on	the	tongue	surface.	
Mechanosensory	filiform	papillae	(asterisks)	make	up	the	majority	of	the	non-taste	
epithelium	of	the	anterior	tongue.	The	anterior	tongue	is	innervated	by	somatosensory	
neurites	of	the	Vth	ganglion	(green)	and	gustatory	fibers	of	the	VIIth	ganglion	(blue).	
Somatosensory	and	taste	stimuli	detected	in	the	posterior	tongue	are	transmitted	by	
fibers	of	the	IXth	ganglion	(orange).	IE,	intermolar	eminence.	
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amplifying	(TA)	daughters;	the	latter	generate	both	the	postmitotic	keratinocytes	of	the	
tongue	surface	as	well	as	taste	cells	within	buds	(Okubo	et	al.,	2009;	Miura	and	Barlow,	
2010;	Barlow	and	Klein,	2015).	Although	we	are	beginning	to	understand	the	basic	cell	
kinetics	of	maintenance	and	renewal	of	lingual	epithelium,	molecular	regulation	of	this	
process	remains	poorly	understood.		
Non-taste	and	taste	epithelial	organization	and	renewal	
Non-taste	epithelium	organization	
The	tongue	epithelium	is	a	stratified	squamous	epithelium,	where	the	majority	of	
its	surface	is	covered	by	orderly	patterned	filiform	papillae.	Filiform	papillae	are	
keratinized,	curved,	cone-like	structures	with	a	corresponding	dermal	core,	all	of	which	
are	important	for	the	mechanical	stress	of	sucking	and	eating	(Hume	and	Potten,	1976;	
Kawasaki	et	al.,	2011).	
In	epithelial	organs	such	as	the	skin,	tongue,	cornea	and	esophagus,	keratins	are	
abundant,	differentially	expressed	and	assembled	in	heterodimers.	Pairs	of	keratin	(K)	
5	and	K14	are	coexpressed	in	basal,	mitotically	active	cells,	and	are	well-known	
markers	of	basal	cells	in	stratified	squamous	epithelia,	such	as	the	tongue	(Moll	et	al.,	
1982;	Nelson	and	Sun,	1983;	Coulombe	et	al.,	1989).	Lineage	labeling	experiments	
likewise	demonstrate	that	basal	K5/14+	cells	in	the	tongue	are	progenitor	cells	for	
filiform	papillae.	These	progenitor	cells	reside	at	the	base	of	the	epithelium	and	
contribute	to	columns	of	K13+	cells	with	varying	degrees	of	keratinization	that	make	up	
the	filiform	papillae	as	well	as	to	the	suprabasal	layers	of	the	interpapillary	regions	
(Dhouailly	et	al.,	1989;	Iwasaki	et	al.,	2006;	Okubo	et	al.,	2009).	
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Non-taste	epithelium	renewal	
In	the	adult	tongue	the	non-taste	epithelium	undergoes	rapid	and	continual	
turnover.	Tritiated	thymidine	labeling	of	cellular	DNA	during	S	phase	shows	higher	
labeling	indices	in	basally	located	cells	and	these	levels	progressively	decrease	as	cells	
become	positioned	in	upper	layers	of	the	epithelium	(Hume	and	Potten,	1976).	
Observations	that	there	is	a	higher	degree	of	organization	closer	to	the	basement	
membrane,	paired	with	descriptions	of	flow	of	descendant	cells	moving	suprabasally	
until	they	are	shed	from	the	apical	epithelium	(Hume	and	Potten,	1976),	support	the	
idea	that	once	cells	move	away	from	the	basal	layer	they	commit	to	differentiation	(Fig.	
1.2).	
Independent	studies	using	short	term	pulse-chase	tritiated	thymidine	or	BrdU	
labeling	in	mice	reveled	that	basal	K5/14	progenitor	cells	are	actively	proliferating,	
consistent	with	their	expression	of	Ki67,	which	marks	expressed	by	cells	in	S/G2/M	
phases	of	the	cell	cycle	(Schwarting	et	al.,	1986).	In	addition,	these	studies	concluded	
that	lingual	progenitor	cells	generate	postmitotic	cells	that	migrate	upward,	
differentiate	into	keratinized	K13+	suprabasal	epithelial	cells	(Winter	et	al.,	1990),	and	
by	5-7	days	cells	are	shed	from	the	epithelial	surface	(Hume	and	Potten,	1976;	Potten	et	
al.,	2002;	Tanaka	et	al.,	2013).	Even	though	the	majority	of	basal	progenitor	cells	are	
mitotically	active,	lacZ	labeling	studies	for	lineage	tracing	K14+	progeny	support	a	
model	that	includes	a	small	number	of	long-term	stem	cells	that	self-renew	and	have	
the	capacity	for	multilineage	differentiation	(Okubo	et	al.,	2009).	Additionally,	Bmi1	
positive	cells	in		
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Figure	1.2.	Adult	non-taste	epithelium	renewal.	
K5/K14+	progenitor/stem	cells	(gray)	are	found	in	the	basal	lingual	epithelium	layer.	
These	cells	are	proliferative,	renew	themselves	and	give	rise	to	differentiated	K13+	
keratinocytes	(light	blue).	K13+	cells	move	upward	to	the	suprabasal	layers	and	are	the	
main	contributors	to	filiform	papillae.	As	new	keratinocytes	are	generated	old	cells	are	
shed	off	from	the	tongue	surface.	
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the	non-taste	epithelium	represent	a	slow	cycling	stem	cell	reservoir	that	contributes	
minimally	to	homeostatic	generation	of	differentiated	keratinocytes,	but	following	
radiation-induced	injury,	these	cells	rapidly	regenerate	the	non-taste	epithelium	
(Tanaka	et	al.,	2013).	
Taste	epithelium	organization	
In	all	mammals	the	gustatory	system	consists	of	specialized	sensory	endorgans	
called	taste	buds	within	the	oral	cavity,	pharynx	and	larynx	(Travers	and	Nicklas,	1990).	
In	the	oral	cavity	taste	buds	lie	on	the	soft	palate	and	lingual	epithelium.	While	soft	
palate	taste	buds	are	directly	embedded	in	the	epithelium	(Cleaton-Jones,	1971),	lingual	
taste	buds	reside	within	gustatory	papillae.	Together,	taste	buds	and	their	surrounding	
papillae	comprise	the	taste	epithelium.	
	 There	are	three	types	of	taste	papillae:	1)	fungiform	papillae	arrayed	on	the	
anterior	2/3rds	of	the	tongue;	2)	foliate	papillae	located	bilaterally	on	posterolateral	
lingual	margins;	and	3)	a	single	(in	rodents)	posterior	circumvallate	papilla	situated	at	
the	dorsal	midline	of	the	tongue	(Mistretta,	1991;	Krimm	and	Barlow,	2007).	
Postnatally	taste	buds	contain	a	heterogeneous	array	of	~60-100	elongate	postmitotic	
taste	cells	that	transduce	five	basic	taste	stimui	(Roper,	2007).	All	taste	cells	are	K8+,	
and	have	columnar	pseudostratified	epithelial	morphology.	Differentiated	taste	cells	
extend	basal	and	apical	processes,	and	the	latter	terminate	in	microvillar	specializations	
that	allow	contact	with	the	oral	cavity	(Delay	et	al.,	1986;	Knapp	et	al.,	1995;	Asano-
Miyoshi	et	al.,	2008;	Chaudhari	and	Roper,	2010).	Additionally,	taste	buds	house	a	
population	of	ovoid	basal	cells	that	are	not	involved	in	taste	reception	(Royer	and	
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Kinnamon,	1991;	Miura	et	al.,	2004;	Taniguchi	et	al.,	2005;	Hamamichi	et	al.,	2006;	
Miura	and	Barlow,	2010;	Miura	et	al.,	2014).	
Taste	cells	are	classified	into	3	morphological	types	based	on	ultrastructural	
criteria	and	expression	of	specific	molecular	markers	(Delay	et	al.,	1986;	Kinnamon	et	
al.,	1993;	Finger	and	Simon,	2000;	Chandrashekar	et	al.,	2009;	Chaudhari	and	Roper,	
2010).	Type	I	cells	are	the	most	abundant	cell	type	in	taste	buds.	They	have	electron	
dense	(dark)	cytoplasm,	tall	microvilli	and	possess	cytoplasmic	projections	that	tightly	
wrap	other	taste	cells	suggesting	a	support	function.	Type	I	cells	express	GLAST	
(Lawton	et	al.,	2000),	a	glutamate	transporter	and	NTPDase2	(Bartel	et	al.,	2006),	an	
ecto-ATPase.	Both	glutamate	and	ATP	are	proposed	neurotransmitters	in	taste	buds	
(Caicedo	et	al.,	2000;	Lawton	et	al.,	2000;	Finger	et	al.,	2005),	hence	type	I	taste	cells	
likely	function	to	clear	neurotransmitters	and	thus	terminate	neurotransmitter	
signaling	from	taste	bud	cells	to	postsynaptic	neurites.	Type	I	cells	also	express	the	K+	
channel,	ROMK,	that	is	proposed	to	eliminate	K+	from	taste	buds	leading	to	lower	
excitability	of	taste	receptor	cells	(Dvoryanchikov	et	al.,	2007),	which	is	another	glia-
like	function	(Karwoski	et	al.,	1989).	Finally,	type	I	taste	cells	may	participate	in	salt	
taste	transduction,	as	they	express	amiloride-sensitive	Na+	channels	(Vandenbeuch	et	
al.,	2008).		
	 Type	II	cells	are	the	second	most	prevalent	taste	cell	type.	Ultrastructurally,	these	
cells	have	the	least	electron-dense	cytoplasm	of	cells	within	buds,	and	possess	several	
short	apical	microvilli.	Discrete	subsets	of	type	II	cells	transduce	sweet,	umami	and	
bitter	compounds,	and	thus	each	subset	expresses	different	G	protein-coupled	taste	
receptors	(GPCRs);	cells	that	respond	to	sweet	tastants	express	heterodimers	of	T1R2	
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and	T1R3,	umami-sensitive	cells	express	T1R1	and	T1R3,	and	bitter-sensing	cells	
express	T2Rs	of	which	there	are	~40	in	mice	(Chandrashekar	et	al.,	2000;	Nelson	et	al.,	
2001;	Li	et	al.,	2002;	Nelson	et	al.,	2002;	Jiang	et	al.,	2004;	Xu	et	al.,	2004;	Damak,	2016).	
Regardless	of	receptor	proteins	expressed,	type	II	cells	express	common	transduction	
cascade	proteins	including	α-gustducin,	phospholipase	Cβ2	(PLCβ2),	inositol	1,4,5-
triphosphate	receptor	3	(IP3R3)	and	transient	receptor	potential	melastatin-5	(TrpM5)	
(McLaughlin	and	Margolskee,	1992;	Ruiz-Avila	et	al.,	1995;	Rossler	et	al.,	1998;	Clapp	et	
al.,	2001;	Pérez	et	al.,	2002).	In	addition,	type	II	cells	express	voltage-gated	Na+	and	K+	
channels	required	for	generating	action	potentials	(Medler	et	al.,	2003).	Interestingly,	
type	II	cells	do	not	form	synapses	on	sensory	nerve	fibers	(Clapp	et	al.,	2004;	2006),	
therefore	signal	transmission	of	bitter,	sweet	and	umami	stimuli	to	gustatory	fibers	
likely	occurs	via	a	non-conventional	mechanism	such	as	calcium	homeostasis	
modulator	1	(CALHM1)	mediated	release	of	ATP	(Finger	et	al.,	2005;	Huang	et	al.,	2007;	
Romanov	et	al.,	2007;	2012;	Taruno	et	al.,	2013;	Vandenbeuch	et	al.,	2015).	
The	least	abundant	cell	type	within	buds	are	type	III	cells.	Ultrastructurally,	the	
cytoplasm	of	these	cells	is	of	intermediate	density	and	these	cells	terminate	apically	in	a	
single,	tall,	thick	microvillus.	Type	III	cells	are	responsible	for	transducing	sour	(Huang	
et	al.,	2006;	Tomchik	et	al.,	2007;	Huang	et	al.,	2008b;	Chandrashekar	et	al.,	2009)	and	
salt	stimuli	(Lewandowski	et	al.,	2016).	The	precise	receptor	or	ion	channel	mediating	
sour	or	acid	stimuli	has	not	been	identified.	However,	polycystic	kidney	disease	2-like	1	
protein	(PKD2L1)	and	partner	PKD1L3	are	found	in	a	subset	of	type	III	taste	cells	
(LopezJimenez	et	al.,	2006),	and	mice	without	PKD2L1-expressing	cells	are	not	
responsive	to	sour	stimuli	(Huang	et	al.,	2006).	Regarding	acid	stimuli,	carbonic	
	 9	
anhydrase	4	(Car4)	has	been	suggested	to	be	involved	in	CO2	(carbonation)	sensing	
(Chandrashekar	et	al.,	2009).	Type	III	cells	are	the	only	taste	cells	to	form	conventional	
synapses	with	taste	afferents	(Yang	et	al.,	2000a;	2004).	Hence,	type	III	cells	express	
several	neuronal	associated	proteins	including	neural	cell	adhesion	molecule	(NCAM),	
synaptosome-associated	protein	(SNAP-25),	and	voltage-gated	Ca+	channels	(Clapp	et	
al.,	2006;	DeFazio	et	al.,	2006)	and	release	serotonin	(5-HT)	and	norepinephrine	
(Dvoryanchikov	et	al.,	2007;	Huang	et	al.,	2008a).	As	receptor	cells,	they	also	express	
voltage-gated	Na+	and	K+	channels	(Medler	et	al.,	2003).	
Type	IV	cells	are	ovoid	non-polarized	cells	that	are	located	basally	within	taste	
buds.	Type	IV	cells	are	immediate	precursors	of	taste	receptor	cells	and	participate	with	
the	surrounding	immature	nonsensory	epithelium	in	orchestrating	taste	bud	renewal	
(Miura	et	al.,	2001).	These	cells	likely	represent	a	heterogeneous	population	that	
responds	to	taste	bud	intrinsic	or	extrinsic	factors	for	specification	of	their	final	taste	
cell	fate.	A	subset	of	type	IV	cells	express	the	homeodomain	protein	Skn-1a	(also	known	
as	Pou2f3)	(Matsumoto	et	al.,	2011)	and	others	express	the	mammalian	homologue	of	
Drosophila	achaete-scute	complex,	Ascl1	(or	Mash1)	(Miura,	2003;	Miura	et	al.,	2006).	
To	what	extent	these	molecular	markers	overlap	is	not	known,	however	is	thought	that	
most	type	IV	cells	express	Shh	(Miura	et	al.,	2014).	
The	tongue	receives	sensory	afferents	from	the	Vth,	VIIth,	and	IXth	cranial	nerve	
ganglia	(g)	that	project	axons	centrally	to	the	nucleus	of	the	solitary	tract	(NTS)	in	the	
brainstem	(Finger	and	Simon,	2000;	Krimm	and	Barlow,	2007;	Corson	et	al.,	2012).	Of	
these,	the	lingual	branch	of	gV	provides	somatosensory	innervation	to	the	anterior	
lingual	surface,	the	chorda	tympani	and	superficial	petrosal	branches	of	gVII	carry	
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gustatory	information	from	the	anterior	fungiform	taste	buds	and	palate,	respectively,	
while	gIX	supplies	the	somatosensory	and	gustatory	innervation	of	the	posterior	tongue	
(Yarmolinsky	et	al.,	2009).	
Taste	epithelium	renewal	
In	the	adult	tongue,	intragemmal	(inside)	taste	bud	cells	continually	renew.	
While	the	average	life	span	of	taste	cells	is	10-14	days	(Beidler	and	Smallman,	1965;	
Farbman,	1980),	both	shorter	and	longer-lived	taste	bud	cells	have	been	reported	
(Hamamichi	et	al.,	2006;	Miura	and	Barlow,	2010;	Perea-Martinez	et	al.,	2013;	Barlow,	
2015).	
Birthdating	studies	using	thymidine	or	BrdU	have	shown	that	1-6	hours	after	
treatment	intragemmal	cells	are	not	yet	labeled,	and	thus	taste	bud	cells	are	
postmitotic;	by	contrast	at	this	early	time	point,	BrdU+	cells	occur	exclusively	in	the	
perigemmal	(outside)	basal	epithelium	adjacent	to	taste	buds.	By	12-24	hours	post-
thymidine	or	BrdU	injection,	the	first	labeled	cells	are	observed	intragemmally	and	
within	48-72	hours	of	BrdU	labeling,	taste	cells	are	thought	to	be	fully	differentiated	
(Beidler	and	Smallman,	1965;	Farbman	and	Mbiene,	1991;	Cho	et	al.,	1998;	Asano-
Miyoshi	et	al.,	2008;	Miura	and	Barlow,	2010;	Nguyen	and	Barlow,	2010;	Mukherjee	and	
Delay,	2011).	Additional	birthdating	experiments	and	the	use	of	markers	of	actively	
cycling	cells	have	revealed	that	perigemmal	taste	bud	cells	are	mitotically	active,	
supporting	the	hypothesis	that	these	cells	make	up	the	progenitor/stem	pool	that	gives	
rise	to	postmitotic	taste	precursor	cells	(type	IV	cells)	(Beidler	and	Smallman,	1965;	
Delay	et	al.,	1986;	Hirota	et	al.,	2001;	Hendricks	et	al.,	2004;	Miura	et	al.,	2006;	Nguyen	
and	Barlow,	2010).	Progenitor	cells	within	the	basal	epithelial	layer	of	the	adult	tongue	
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express	K5	and	K14	(Asano-Miyoshi	et	al.,	2008;	Okubo	et	al.,	2009;	Castillo	et	al.,	
2014).	Inducible	lineage	tracing	of	K5/14+	cells	has	revealed	that	in	addition	to	non-
taste	epithelium,	these	basal	cells	supply	new	cells	to	taste	buds	(Okubo	et	al.,	2009;	
Gaillard	et	al.,	2015).	Once	inside	taste	buds,	new	cells	can	be	identified	as	type	IV	cells,	
which	express	Shh	by	12	hours	after	their	last	division.	Shh+	cells	subsequently	
differentiate	into	any	of	the	differentiated	taste	cell	types,	and	therefore	contribute	to	
the	entire	taste	bud	cell	complement	(Miura	et	al.,	2001;	2014)	(Fig.	1.3).	
In	sum,	the	current	taste	bud	renewal	model	is	that	a	small	population	of	slow	
cycling	stem	cells	divide	asymmetrically	to	generate	transit	amplifying	cells	which	
divide	frequently	to	generate	postmitotic	taste	precursors	that	differentiate	into	mature	
taste	receptor	cells	(Miura	and	Barlow,	2010;	Barlow	and	Klein,	2015).		
Nerve	dependency	of	adult	taste	buds		
The	nerve	dependency	of	taste	buds	in	mammals	has	been	suggested	for	over	a	
century	and	this	paradigm	of	neural	maintenance	is	cited	in	textbooks.	The	basis	of	this	
idea	comes	from	observations	that	in	embryos,	innervation	reaches	the	taste	papillae	
well	before	taste	cells	overtly	differentiate,	and	in	adults,	taste	buds	are	lost	following	
denervation	(Oakley	and	Witt,	2004).		
The	first	published	study	showing	adult	taste	bud	regression	following	
denervation	was	done	in	rabbit	foliate	taste	buds	and	dates	back	to	1877	(Von	
Vintschgau	and	Hönigschmied,	1877).	Subsequent	studies	of	rat	fungiform	and	
circumvallate	taste	buds	showed	initial	bud	degeneration	4-7	days	after	chorda	
tympani	(nVII)	nerve	injury,	and	7-10	days	after	glossopharyngeal	(nIX)	nerve	injury	
(Guth,	1957;	Farbman,	1969),	respectively.		
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Figure	1.3.	Adult	taste	epithelium	renewal.	
K5/14+	cells	(gray)	adjacent	to	taste	buds	are	bipotent	progenitors	that	divide	
asymmetrically	to	self-renew	and	differentiate	into	keratinocytes	(light	blue)	or	taste	
precursor	cells	(magenta).	Intragemmal	taste	precursors	(type	IV	cells)	are	postmitotic,	
ovoid	looking,	basally	located	and	express	Shh.	Shh+	cells	differentiate	into	all	three	
taste	cell	lineages,	i.e.	type	I	(yellow),	II	(green)	and	III	(red)	taste	cells.	
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A	comparative	study	of	taste	bud	loss	following	chorda	tympani	transection	in	the	
gerbil,	rat	and	hamster,	reported	that	by	3	weeks	after	surgery	71%	of	fungiform	taste	
buds	had	completely	disappeared	in	gerbils,	28%	in	rats	and	26%	in	hamsters	(Oakley	
et	al.,	1993).	On	the	other	hand,	two	studies	in	hamsters	showed	that	fungiform	taste	
buds	persist	after	denervation.	However,	expression	of	taste	bud	associated	markers	
such	as	NCAM,	neuron-specific	enolase	(NSE)	and	calcitonin	gene-related	peptide	
(CGRP)	was	reduced	within	denervated	buds	(Whitehead	et	al.,	1998).	Moreover,	47%	
of	denervated	fungiform	taste	buds	lacked	taste	pores	and	the	remaining	pores	had	
marked	structural	changes	(Parks	and	Whitehead,	1998).	Following	nerve	surgery	in	
the	gerbil,	regenerating	nerve	fibers	of	the	anterior	tongue	start	to	reinnervate	
fungiform	papillae	at	8	days	after	injury	and	taste	buds	reappear	1-2	days	after	papilla	
reinnervation	(Cheal	and	Oakley,	1977).	In	adult	mice,	chorda	tympani	nerve	
transection	results	in	taste	cell	loss	and	smaller	taste	buds	within	5	days	of	injury,	yet	
by	15-20	days	post-surgery,	32%	of	taste	buds	remained	despite	the	fact	that	these	
persistent	buds	still	lacked	innervation.	Specifically,	while	most	fungiform	taste	buds	of	
the	mid	and	posterior	tongue	were	lost,	the	anterior	1	mm	still	retained	half	of	the	taste	
buds	in	the	absence	of	innervation	(Guagliardo	and	Hill,	2007).		
Little	is	known	about	the	mechanisms	involved	in	taste	bud	nerve	dependency	or	
how	innervation	impacts	key	regulatory	factors	within	taste	buds.	Several	studies	in	
circumvallate	papillae	have	revealed	several	factors	impacted	by	denervation.	
Neurotrophins	such	as	brain-derived	neurotrophic	factor	(BDNF),	nerve	growth	factor	
(NGF)	and	glial	cell	line-derived	neurotrophic	factor	(GDNF)	that	normally	are	
expressed	within	taste	buds,	are	lost	after	denervation	and	reappear	with	regenerating	
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nerves,	demonstrating	their	dependency	on	innervation	(Uchida	et	al.,	2003;	Takeda	et	
al.,	2005;	Yee	et	al.,	2005).	Miura	et	al.	demonstrated	that	Shh	expression	also	depends	
on	intact	glossopharyngeal	innervation	in	taste	buds	of	the	posteriorly	located	
circumvallate	papillae,	where	after	glossopharyngeal	nerve	injury,	Shh	expression	in	
taste	precursors	is	rapidly	lost,	i.e,	within	6	hours	following	nerve	crush,	well	before	
taste	buds	are	lost.	Further,	Shh	expression	reappears	at	11	days	coincident	with	
reinnervation,	and	well	before	taste	bud	regeneration	at	24	days	(Miura	et	al.,	2004;	
Suzuki,	2008).		
In	sum,	while	in	general	denervation	induces	taste	bud	loss	and	taste	buds	
reappear	with	nerve	regeneration,	a	requirement	for	neural	support	appears	to	be	
more	absolute	for	posterior	taste	buds	of	the	circumvallate	papilla	than	for	those	of	the	
anterior	fungiform	papillae.		 	
Molecular	mechanisms	of	adult	lingual	epithelium	maintenance	and	renewal	
Shh	signaling	pathway	in	taste	development,	taste	bud	turnover	and	cancer	
Shh	signaling	overview.		
The	intercellular	signaling	molecule	Shh	has	been	implicated	as	a	cell	renewal	and	
stem	cell	maintenance	regulator	in	different	epithelial	systems	(Ingham	and	McMahon,	
2001).		
	 In	order	to	generate	the	active	form	of	the	ligand,	the	Shh	precursor	precursor	
undergoes	autocleavage	to	generate	an	active	N-terminal	fragment,	which	is	further	
modified	by	the	addition	of	a	cholesterol	moiety	to	its	C	terminus	and	a	palmitoylation	
near	its	N	terminus	(Guerrero	and	Chiang,	2007;	Jiang	and	Hui,	2008).	The	most	studied	
reception	mechanism	of	Shh	occurs	in	the	primary	cilia	of	the	responding	cell.	Once	Shh	
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is	released	from	the	source	cell,	it	binds	to	its	transmembrane	receptor	Patched	(Ptch1)	
with	the	help	of	Cdon,	Boc	and/	or	Gas1	co-receptors.	This	binding	relieves	Ptch1-
mediated	inhibition	of	the	activity	of	Smoothened	(Smo),	another	transmembrane	
protein.	In	the	absence	of	Shh,	transcription	of	Hh	pathway	target	genes	is	blocked	
because	the	inhibitory	effect	of	Ptch1	on	Smo	leads	to	production	of	Gli3,	the	repressor	
form	of	the	Gli	family	of	zinc-finger	transcription	factors.	Shh	binding	promotes	Smo	
activation	and	localization	to	the	cilium	on	the	receiving	cell,	causing	accumulation	of	
Gli2	(activator	form	of	Gli)	and	transcription	of	canonical	Shh	target	genes	involved	in	
proliferation	and	differentiation,	including	Gli1	and	Ptch1.	Thus,	Gli1	and	Ptch1	
expression	are	reporters	of	active	Shh	signaling	(Gritli-Linde	et	al.,	2001;	Guerrero	and	
Chiang,	2007;	Sánchez-Camacho	and	Bovolenta,	2009;	Teperino	et	al.,	2014).		
Shh	signaling	in	taste	development.		
	 Once	the	tongue	primoridium	has	formed	at	embryonic	day	(E)	11	in	mice,	Shh	is	
expressed	throughout	the	lingual	epithelium.	By	E13	Shh	expression	becomes	
restricted	to	rows	of	foci	parallel	to	the	longitudinal	axis	of	the	tongue;	these	are	
epithelial	thickenings	called	taste	placodes	(Bitgood	and	McMahon,	1995;	Hall	et	al.,	
1999;	Jung	et	al.,	1999).	As	development	progresses	Shh	expression	becomes	less	
diffused	and	by	E13	Shh	is	found	in	the	center	of	each	papilla	(Bitgood	and	McMahon,	
1995;	Hall	et	al.,	1999).	Ptch	and	Gli1	expression	parallels	Shh	expression	at	E12-13;	
while	initially	broad	in	both	epithelium	and	lingual	mesenchyme,	by	E13.5	Ptch	and	
Gli1	form	a	diffused	cup	around	the	Shh+	cells	located	apically	in	each	papilla,	including	
expression	in	both	epithelium	and	mesenchyme	immediately	adjacent	to	Shh+	cells.	At	
E16.5,	more	distinct	Ptch	and	Gli1	expression	occur	in	the	epithelium	and	mesenchyme	
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surrounding	each	Shh+	cell	cluster.	As	taste	placodes	develop	and	undergo	papilla	
morphogenesis,	nerve	fibers	innervate	each	papilla	by	E14.5.	However	Shh	expression	
within	developing	papillae	is	established	before	innervation,	suggesting	that	papillae	
development	does	not	depend	on	neuronal	induction	(Hall	et	al.,	1999).	
	 More	recent	studies	demonstrated	that	Shh	functions	as	a	pattern	regulator	
maintaining	the	interpapillary	space	during	development	(Hall	et	al.,	2003;	Mistretta	et	
al.,	2003;	Liu	et	al.,	2004).	Specifically,	in	cultured	embryonic	tongues,	treatment	with	
function	blocking	Shh	antibodies	or	the	Smo	antagonist	cyclopamine	resulted	in	
enhanced	papillae	size	and	number,	while	exogenous	Shh	significantly	decreased	
papillae	formation	(Hall	et	al.,	2003;	Mistretta	et	al.,	2003;	Iwatsuki	et	al.,	2007),	
suggesting	Shh	has	a	repressive	role	in	taste	papillae	development.	Interestingly,	Shh	
expressing	taste	placode	cells	function	as	taste	bud	precursors	and	differentiate	as	the	
first	taste	cells	postnatally	(Thirumangalathu	et	al.,	2009).	
	 Even	though	previous	studies	have	demonstrated	the	importance	of	the	Hh	
signaling	pathway	for	the	embryonic	development	of	taste	buds	in	mammals,	its	
functional	role	in	maintenance	and	self-renewal	of	adult	taste	buds	has	not	been	
unexplored.	
Shh	signaling	in	adult	taste	renewal.	
	 In	adult	taste	buds,	Shh	is	expressed	by	type	IV	intragemmal	cells,	while	its	
receptor	Ptch1	and	target	gene	Gli1	are	expressed	by	K5/14+	progenitor	cells	
surrounding	each	bud	(Miura	et	al.,	2001;	Miura,	2003;	Liu	et	al.,	2013),	suggesting	that	
Shh	signals	from	within	the	bud	to	regulate	taste	bud	progenitor	cell	renewal	of	taste	
cells	throughout	adulthood.			
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	 BrdU	labeling	experiments	showed	that	Shh	positive	cells	in	taste	buds	are	
postmitotic	and	have	a	half-life	of	2	days,	whereas	Shh-responding	cells	outside	taste	
buds	are	actively	dividing	and	are	responsible	for	replenishing	the	taste	buds	with	basal	
Shh-expressing	cells	(Miura	et	al.,	2004).	This	has	led	to	the	hypothesis	that	type	IV	cells	
expressing	Shh	are	transient	taste	precursors	(Miura	et	al.,	2006).	Fate	mapping	of	Shh-
expressing	cells	in	mice	indicated	that	Shh+	type	IV	cells	differentiate	into	all	three	
morphological	types	of	taste	cells	(I,	II	and	III)	and	contribute	to	the	taste	bud	cell	
complement	with	the	expected	taste	cell	ratios	(I>>II>III);	confirming	these	cells	are	
immediate	taste	cell	precursors	(Miura	et	al.,	2014).	Nevertheless,	what	is	the	
mechanism	by	which	Shh	regulates	adult	taste	progenitors	and	taste	bud	renewal	
remains	unanswered.		
Shh	signaling	in	cancer	and	pathway	inhibitors	as	chemotherapy.	
Abnormal	Hh	pathway	activation	is	associated	with	several	cancers,	including	
basal	cell	carcinomas,	medulloblastomas,	rhabdomyosarcomas	and	meningiomas	(Oro	
et	al.,	1997;	Rubin	and	de	Sauvage,	2006;	Jiang	and	Hui,	2008;	Ng	and	Curran,	2011).	
These	findings	led	to	a	model	that	constitutive	activation	of	the	pathway	maintains	
tumor	stem	cells	in	an	undifferentiated	and	proliferative	state.	
Because	the	Shh	pathway	is	involved	in	multiple	human	cancers,	numerous	
chemotherapies	have	been	developed	to	inhibit	the	pathway.	The	most	promising	of	
these	block	signaling	by	binding	to	Smo	and	inhibiting	activation	of	downstream	target	
genes.	Vismodegib	and	Sonidegib	are	examples	of	small	molecules	that	block	pathway	
activation	via	Smo	binding.	While	these	drugs	are	effective	in	controllong	some	cancers,	
one	of	the	most	frequently	reported	adverse	events	occurring	in	patients	taking	these	
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chemotherapeutics	is	loss	or	alteration	of	taste	sensation,	ageusia	or	dysgeusia,	
respectively	(LoRusso	et	al.,	2011;	Tang	et	al.,	2012;	Rodon	et	al.,	2014;	Migden	et	al.,	
2015).	Taste	dysfunction	leads	to	reduced	appetite,	weight	loss	and	reduction	in	the	
quality	of	life.	This	significant	side	effect	is	consistent	with	the	hypothesis	that	
inhibition	of	Shh	signaling	negatively	affects	taste	bud	renewal.		
	 Recently,	two	independent	groups	tested	the	impact	of	Shh	pathway	inhibitors	on	
taste	buds	in	adult	mice.	Treating	mice	with	either	Vismodegib	or	Sonidegib	resulted	in	
fewer	and	smaller	taste	buds	within	3-4	weeks	(Kumari	et	al.,	2015;	Yang	et	al.,	2015).	
Likewise,	Gli1	reporter	expression	is	significantly	reduced	by	drug	treatment	(Kumari	
et	al.,	2015).	Interestingly,	while	innervation	persists,	nerve	responses	to	tastants	are	
reduced	or	lost;	only	nerve	responses	to	touch	stimuli	are	unaltered	(Kumari	et	al.,	
2015).	Thus,	Shh	function	is	required	to	maintain	taste	buds,	although	the	mechanisms	
responsible	remain	unknown.	
Sox2	in	taste	development	and	adult	taste	bud	renewal	
Sox2	in	adult	stem	and	progenitor	compartments.	
Sox2	belongs	to	the	family	of	SRY-related	HMG	box	transcription	factors,	which	
are	critical	for	cell	fate	determination	during	development,	and	stem	cell	
maintenance/differentiation	in	adult	tissues	(Liu	et	al.,	2012).	
During	development,	Sox2	is	key	for	the	establishment	of	several	endodermal	and	
ectodermal	tissues,	including	the	esophagus,	anterior	stomach,	and	trachea	(Que	et	al.,	
2007;	2009),	inner	ear	(Kiernan	et	al.,	2005),	retina	(Taranova	et	al.,	2006),	lens	
(Kamachi	et	al.,	1998),	nervous	system	(Bylund	et	al.,	2003;	Graham	et	al.,	2003;	Ellis	et	
al.,	2004)	and	taste	epithelium	(Okubo	et	al.,	2006).		
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Genetic	labeling	and	immunohistochemistry	experiments	in	adult	tissues	have	
identified	Sox2	expression	in	the	brain	(Ellis	et	al.,	2004;	Brazel	et	al.,	2005;	Arnold	et	
al.,	2011),	retina	(Taranova	et	al.,	2006;	Arnold	et	al.,	2011),	trachea	(Que	et	al.,	2009;	
Arnold	et	al.,	2011),	lungs	(Arnold	et	al.,	2011),	hair	follicles	(Driskell	et	al.,	2009;	
Arnold	et	al.,	2011),	tongue	epithelium	(Okubo	et	al.,	2009;	Arnold	et	al.,	2011),	
pituitary	gland	(Fauquier	et	al.,	2008),	seminiferous	epithelium,	lens,	glandular	stomach	
and	squamous	epithelium	of	the	esophagus,	forestomach,	anus,	and	cervix	(Arnold	et	al.,	
2011).	In	squamous	epithelia,	such	as	the	tongue,	Sox2	is	predominantly	found	in	basal	
progenitor/stem	cells	that	also	express	the	transcription	factor,	p63.	In	most	of	these	
tissues,	Sox2+	cells	are	able	to	self-renew	and	contribute	to	the	various	differentiated	
cell	compartments.	Moreover,	mice	with	a	truncated	thymidine	kinase	gene	inserted	
into	the	Sox2	locus	(Sox2-TK)	that	are	exposed	to	gancyclovir	for	13	days	to	induce	
death	of	Sox2+	cells,	develop	stomach	and	oral	ulcers	leading	to	death	of	the	animals.	
Basal	cell	integrity	and	architecture	was	lost	in	Sox2-TK	treated	mice	demonstrating	
that	in	some	tissues,	including	the	tongue	epithelium,	Sox2+	cells	are	required	for	tissue	
homeostasis	(Arnold	et	al.,	2011).	
Sox2	in	taste	development.	
In	developing	and	adult	mouse	tongue,	Sox2	is	expressed	at	low	levels	throughout	
the	basal	epithelium	and	at	high	levels	in	taste	bud	progenitors	and	a	subset	of	mature	
taste	receptor	cells;	the	majority	of	intragemmal	Sox2+	cells	are	type	I	taste	cells,	while	
a	small	numbers	of	type	II	and	type	III	taste	cells	are	also	Sox2+	(Okubo	et	al.,	2006;	
Suzuki,	2008;	Okubo	et	al.,	2009;	Nakayama	et	al.,	2014).	
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The	importance	of	Sox2	during	embryonic	taste	bud	development	has	been	
demonstrated	by	failure	of	Sox2	hypomorphic	mutants	to	generate	taste	buds	(Okubo	et	
al.,	2006).	In	transgenic	mice,	overexpression	of	Sox2	inhibits	filiform	papillae	
differentiation,	and	increases	the	number	of	fungiform	papillae-like	structures	although	
these	lack	taste	buds.	In	sum	these	data	indicate	Sox2	is	required	but	not	sufficient	for	
taste	bud	formation	(Okubo	et	al.,	2006).		
The	Wnt	pathway	is	another	molecular	regulator	that	has	a	fundamental	role	in	
taste	development	and	renewal	(Iwatsuki	et	al.,	2007;	Liu	et	al.,	2007;	Gaillard	and	
Barlow,	2011;	Gaillard	et	al.,	2015;	Thirumangalathu	and	Barlow,	2015).	Crosstalk	
between	Wnt	and	Shh	signaling	has	been	proposed	to	maintain	Sox2+	cells	in	taste	bud	
development	(Beites	et	al.,	2009).	Imbalance	between	several	molecular	signaling	
circuits	including	Wnt	and	Shh	pathways	causes	elevated	levels	of	Sox2	in	cells	that	
normally	differentiate	into	keratinocytes	and	in	some	cases	these	cells	appear	to	form	
taste	buds	(Beites	et	al.,	2009).	Canonical	Wnt	reporters,	BAT-gal	and	TOP-gal,	are	
highly	expressed	in	taste	placodes	at	E12.5-17.5,	coinciding	with	strong	Shh	and	Sox2	
expression	(Okubo	et	al.,	2006).	Cultured	embryonic	tongues	treated	with	lithium	
chloride	(LiCl),	a	glycogen	synthase	kinase-3	beta	(GSK3β)	inhibitor	and	Wnt	signaling	
activator	resulted	in	expanded	and	ectopic	Sox2-EGFP	expression	(Okubo	et	al.,	2006).	
Take	together,	these	data	support	the	idea	that	Wnt	pathway	regulates	Sox2	expression	
and	taste	bud	development.	
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Sox2	in	adult	taste	renewal.	
Although	Sox2	expression	in	embryonic	and	adult	tongue	is	well	documented,	the	
connection,	if	any,	between	Sox2	and	Shh	in	the	adult	lingual	epithelium	and	how	their	
interaction	may	regulate	taste	bud	maintenance	and	renewal	is	unknown.	
A	few	reports	indicate	Sox2	is	involved	in	adult	taste	epithelium	renewal.	As	
mentioned	above,	genetic	ablation	of	Sox2	broadly	affects	tongue	epithelium	
maintenance	but	the	mechanisms	responsible	remain	elusive	(Arnold	et	al.,	2011).	
Additionally,	Suzuki	has	demonstrated	a	clear	relationship	between	Sox2	expression	in	
taste	epithelium	and	gustatory	innervation	in	posterior	circumvallate	papillae.	Sox2-
expressing	cells	are	lost	in	circumvallate	papillae	taste	buds	following	denervation	and	
after	nerve	regeneration,	Sox2+	taste	progenitor	cells	appear	first,	followed	by	Sox2	
expression	in	the	newly	formed	taste	bud	cells	(Suzuki,	2008).		
Organization	of	thesis	
	 Here	I	test	the	hypotheses	that	Shh	promotes	taste	cell	differentiation	during	
renewal	of	adult	taste	buds,	and	that	this	pro-taste	differentiation	role	is	dependent	on	
Sox2.	These	linked	hypotheses	are	addressed	in	the	following	three	chapters.	
	 In	Chapter	II,	we	demonstrate	that	Shh	misexpression	in	adult	lingual	epithelium	
is	sufficient	to	drive	taste	bud	formation	independently	of	innervation.	Using	a	
conditional	genetic	allele	to	force	Shh	expression	in	K14+	progenitor	cells	of	the	tongue	
epithelium	(ShhcKI),	we	find	that	misexpression	of	Shh	induces	ectopic	taste	bud	
formation	in	the	non-taste	epithelium,	indicating	that	this	epithelium	is	competent	to	
make	taste	buds	in	response	to	Shh.	Ectopic	taste	buds	contain	all	3	taste	cell	types	and	
the	differentiation	process	follows	the	same	successive	steps	seen	in	endogenous	taste	
	 22	
epithelium.	Although	taste	bud	differentiation	is	thought	to	require	innervation,	we	
used	rigorous	quantitative	analysis	of	innervation	density	to	show	that	ectopic	taste	
bud	formation	following	Shh	misexpression	is	nerve-independent.	From	this	work	we	
concluded	that	Shh	appears	to	function	as	a	pro-differentiation	signal	in	taste	bud	
renewal	and	contrary	to	the	previously	established	dogma,	de	novo	adult	taste	
formation	does	not	require	innervation.	This	work	has	been	published	in	Development	
(Castillo	D,	Seidel	K,	Salcedo	E,	Ahn	C,	de	Sauvage	FJ,	Klein	OD,	Barlow	LA	(2014)	
Induction	of	ectopic	taste	buds	by	SHH	reveals	the	competency	and	plasticity	of	adult	
lingual	epithelium.	Development	141:2993–3002.).	
	 In	Chapter	III,	we	investigate	if	Shh	signaling	is	required	for	adult	taste	bud	
renewal.	In	the	past	5-6	years	we	have	seen	a	surge	in	studies	focusing	on	how	to	
pharmacologically	target	the	Hh	pathway	to	treat	cancers	with	aberrant	pathway	
activation.	As	Shh	pathway	inhibitors	have	progressed	to	clinical	use,	it	has	become	
evident	that	one	of	the	most	frequent	adverse	events	patients	complain	of	is	a	distortion	
or	loss	of	the	sense	of	taste,	suggesting	that	blocking	the	Hh	pathway	negatively	impacts	
taste	bud	renewal.	Based	on	these	results	and	our	previous	data,	we	hypothesized	that	
Shh	is	required	for	taste	cell	differentiation	and	pathway	inhibitors	would	block	this	
signal.	Consistent	with	published	reports,	we	find	that	mice	treated	with	a	Hh	pathway	
inhibitor	had	fewer	and	smaller	taste	buds,	and	additionally	we	show	that	this	was	due	
to	reduced	entry	of	new	cells	into	taste	buds	and	reduced	taste	cell	differentiation.		By	
contrast,	genetic	deletion	of	Shh	in	taste	epithelium,	thought	to	be	the	sole	source	of	Hh	
ligand	relevant	to	taste	cell	turnover,	had	a	minimal	impact	on	taste	bud	cell	renewal.	
Using	inducible	genetic	lineage	labeling	of	Shh+	cells,	we	found	that	nerve	fibers	
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innervating	taste	buds	expressed	the	lineage	reporter	gene.	However,	deletion	of	Shh	in	
gustatory	sensory	neurons	also	had	minimal	impact	on	taste	buds.		Finally,	we	show	
that	either	epithelial	or	nerve-derived	Shh	is	sufficient	for	the	maintenance	of	adult	
taste	epithelium,	but	these	are	the	sole	sources	of	Hh	ligand	relevant	to	taste	buds;	
simultaneous	deletion	of	both	neural	and	epithelial	Shh	results	in	a	dramatic	reduction	
in	taste	buds,	comparable	to	that	seen	with	Hh	pathway	inhibition.		
	 In	Chapter	IV,	we	explore	the	idea	that	Shh	regulates	tongue	epithelium	
competence	and	taste	bud	homeostasis	by	fine-tuning	Sox2	expression.	In	addition	to	
our	discovery	that	Shh	misexpression	induced	ectopic	taste	buds,	we	found	that	Shh	
misexpression	was	associated	with	increased	Sox2	expression	(Chapter	II),	suggesting	
that	Shh	induced	ectopic	taste	bud	formation	through	upregulation	of	Sox2.	Thus,	we	
tested	the	hypothesis	that	renewal	of	adult	taste	buds	is	regulated	by	Shh	signaling	via	
regulation	of	Sox2.	First	we	show	that	when	the	Shh	pathway	is	inhibited,	Sox2	
expression	is	reduced	as	assessed	using	Sox2-GFP	mice.	Additionally,	we	find	that	Sox2	
is	required	for	taste	and	non-taste	epithelial	homeostasis,	as	genetic	ablation	of	Sox2	
causes	a	significant	decrease	in	taste	bud	number,	while	non-taste	epithelium	
undergoes	hyperproliferation	of	a	dramatically	expanded	progenitor	population.	
Finally,	Shh	misexpression	in	Sox2	knockout	mice	triggered	a	basal	carcinoma	
phenotype	instead	of	driving	taste	differentiation	as	is	the	case	when	Sox2	is	present	
(Chapter	II).	Overall,	our	data	indicate	that	Sox2	is	downstream	of	Shh	signaling,	and	
that	adult	taste	cell	differentiation	depends	on	Shh	regulation	of	Sox2.		
	 In	Chapter	V,	I	discuss	the	conclusions	of	this	work	and	comment	on	possible	
future	directions.	Lastly,	in	the	Appendix,	I	describe	a	method	I	developed	to	peel	and	
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dissociate	lingual	epithelium.	This	Appendix	will	be	published	as	a	book	chapter	in	
Methods	in	Molecular	Biology,	Craniofacial	Biology	(Castillo	Azofeifa	D,	Barlow	LA	
(2016)	Disassembling	Taste:	Peeling	and	Dissociation	of	Adult	Lingual	Epithelium	to	
Achieve	Single	Cell	Suspensions	for	Use	in	Cell	Sorting	and	High-Throughput	Analysis.	
In:	Methods	in	Molecular	Biology,	Craniofacial	Biology	(Michon	F,	ed).	In	press.).	
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CHAPTER	II	
INDUCTION	OF	ECTOPIC	TASTE	BUDS	BY	SHH	REVEALS	COMPETENCY	AND	
PLASTICITY	OF	ADULT	LINGUAL	EPITHELIUM1	
Abstract		
	 Taste	buds	are	assemblies	of	elongate	epithelial	cells,	which	are	innervated	by	
gustatory	nerves	that	transmit	taste	information	to	the	brainstem.	Taste	cells	are	
continuously	renewed	throughout	life	via	proliferation	of	epithelial	progenitors,	but	the	
molecular	regulation	of	this	process	remains	a	mystery.	During	embryogenesis,	Sonic	
hedgehog	(SHH)	negatively	regulates	taste	bud	patterning,	such	that	inhibition	of	SHH	
causes	formation	of	more	and	larger	taste	bud	primordia,	including	in	regions	of	the	
tongue	normally	devoid	of	taste	buds.	Here,	using	a	Cre-lox	system	to	drive	constitutive	
expression	of	SHH,	we	identify	the	effects	of	SHH	on	the	lingual	epithelium	of	adult	
mice.	We	show	that	mis-expression	of	SHH	transforms	lingual	epithelial	cell	fate,	such	
that	daughter	cells	of	lingual	epithelial	progenitors	form	cell	type-replete,	onion	shaped	
taste	buds,	rather	than	non-taste,	pseudostratified	epithelium.	These	SHH-induced	
ectopic	taste	buds	are	found	in	regions	of	the	adult	tongue	previously	thought	incapable	
of	generating	taste	organs.	The	ectopic	buds	are	composed	of	all	taste	cell	types,	
including	support	cells	and	detectors	of	sweet,	bitter,	umami,	salt	and	sour,	and	
recapitulate	the	molecular	differentiation	process	of	endogenous	taste	buds.	In	contrast	
to	the	well-established	nerve-dependence	of	endogenous	taste	buds,	however,	ectopic	
taste	buds	form	independently	of	both	gustatory	and	somatosensory	innervation.	As	
	
----------------------------------------------------------------------------------------------------------------	
1	This	chapter	was	previously	published	in	Development	141:2993–3002,	2014	and	
included	with	the	permission	of	the	copyright	holder.	
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innervation	is	required	for	SHH	expression	by	endogenous	taste	buds,	our	data	suggest	
that	SHH	can	replace	the	need	for	innervation	to	drive	the	entire	program	of	taste	bud	
differentiation.	
Introduction	
	 Taste	buds	are	the	primary	receptor	organs	of	the	gustatory	system.	Each	bud	
houses	a	heterogeneous	collection	of	60-100	taste	receptor	cells,	which	transduce	5	
basic	tastes	(sweet,	bitter,	salt,	sour	and	umami)	into	electrochemical	signals	that	are	
transmitted	via	sensory	neurons	to	the	brain	(Chaudhari	and	Roper,	2010).	Lingual	
taste	buds	are	restricted	to	taste	papillae,	which	are	epithelial	appendages	distributed	
on	the	tongue,	and	each	fungiform	taste	papilla	on	the	anterior	tongue	of	rodents	
contains	a	single	taste	bud	(Mistretta,	1991).	Taste	bud	cells,	like	lingual	epithelium,	are	
continually	renewed	from	mitotically	active,	cytokeratin	(K)	14+	basal	keratinocytes	
(Beidler	and	Smallman,	1965).	This	K14+	population	generates	postmitotic	cells	that	
enter	buds	and	differentiate	into	taste	receptor	cells	(Beidler	and	Smallman,	1965;	
Farbman,	1980;	Okubo	et	al.,	2009;	Miura	and	Barlow,	2010;	Sullivan	et	al.,	2010).	Type	
IV	cells	are	ovoid	cells	situated	basally	in	each	taste	bud,	and	many	if	not	all	of	these	
basal	cells	express	the	morphogen	Sonic	hedgehog	(Shh)	(Miura	et	al.,	2006).	Using	
genetic	lineage	tracing,	we	have	recently	demonstrated	that	Shh+	basal	cells	are	
immediate	precursors	for	all	taste	cell	types	within	taste	buds	(Miura	et	al.,	2014).		
	 In	embryos,	SHH	negatively	regulates	the	number,	size	and	distribution	of	taste	
bud	primordia,	termed	taste	placodes,	in	the	anterior	lingual	epithelium.	In	cultured	
embryonic	tongues,	exogenous	SHH	represses	taste	placode	development(Iwatsuki	et	
al.,	2007),	while	pharmacological	block	of	SHH	signaling	results	in	more	and	larger	taste	
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placodes,	as	well	as	their	formation	in	regions	of	the	tongue	typically	absent	of	placodes	
(Hall	et	al.,	2003;	Mistretta	et	al.,	2003).	By	contrast,	SHH	function	in	the	lingual	
epithelium	of	adult	mice	has	remained	unexplored.	Shh	is	expressed	by	basal	cells	
inside	taste	buds,	while	SHH	target	genes,	Ptch1	and	Gli1,	are	expressed	by	K14+	
progenitor	cells	adjacent	to	buds	(Miura	et	al.,	2001;	Liu	et	al.,	2013),	suggesting	that	
SHH	regulates	taste	bud	regeneration.	However,	the	nature	of	this	regulation	is	
completely	unknown.	Recently,	forced	activation	of	GLI2,	a	primary	transcriptional	
activator	of	the	SHH	pathway	(Bai	et	al.,	2002),	in	K14+	progenitors	was	shown	to	
repress	both	taste	bud	and	non-taste	epithelial	cell	fates	(Liu	et	al.,	2013),	indicating	
that	SHH	may	play	a	broader	role	in	tongue	epithelial	maintenance.		
	 While	little	is	known	of	the	molecular	regulation	of	taste	bud	renewal,	specific	
steps	in	taste	cell	lineage	progression	are	now	identifiable	via	specific	gene	expression	
(Miura	and	Barlow,	2010),	including	molecular	markers	for	progenitors	(K14;	Sox2:	
Gli1;	Ptch1)	(Okubo	et	al.,	2009),	precursors	(Sox2;	SHH;	Skn-1a)	(Okubo	et	al.,	2006;	
Matsumoto	et	al.,	2011)	and	post-mitotic	taste	cells	(K8;	KCNQ1;	Sox2)(Okubo	et	al.,	
2006;	2009;	Wang	et	al.,	2009),	as	well	as	differentiated	non-taste	keratinocytes	(K13)	
which	make	up	the	pseudostratified	lingual	epithelium	(Winter	et	al.,	1990).	
	 More	than	200	studies,	the	first	from	1877	(Von	Vintschgau	and	Hönigschmied,	
1877),	have	reported	that	innervation	is	required	to	maintain	taste	buds	in	adult	
mammals	(Oakley	and	Witt,	2004).	If	gustatory	nerves	are	crushed	or	severed,	taste	
buds	regress	within	a	week	of	injury,	and	when	nerves	regenerate,	taste	buds	reappear	
in	their	original	locations	(Cheal	and	Oakley,	1977).	Thus,	gustatory	innervation	is	
required	for	taste	bud	maintenance	and	presumably	restricts	where	taste	buds	form	in	
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the	tongue	surface.	Further,	innervation	is	tightly	correlated	with	the	presence	of	all	
differentiated	taste	cell	types,	as	well	as	of	Shh+	Type	IV	cells	(Miura	et	al.,	2004).	Shh	
expression	within	buds	is	lost	within	hours	of	denervation,	as	is	expression	of	SHH	
target	genes	by	the	surrounding	progenitor	cells,	both	of	which	precede	by	several	days	
disappearance	of	differentiated	taste	cells.	These	findings	have	led	to	the	proposal	that	
nerve	dependent	expression	of	Shh	by	Type	IV	basal	cells	may	regulate	proliferation	of	
neighboring	progenitors	(Miura	et	al.,	2006).	
	 Here,	we	used	a	SHH	conditional	knock-in	allele,	SHH-YFPcKI,	to	mis-express	SHH	
in	the	K14+	progenitor	cells	of	the	tongue.	We	find	that	ectopic	SHH	transforms	lingual	
epithelial	fate	by	inducing	formation	of	taste	buds	in	regions	of	the	tongue	not	thought	
capable	of	generating	taste	buds.	Further,	SHH	triggers	the	full	differentiation	program	
of	mammalian	taste	buds,	including	differentiation	of	support	cells	and	sweet,	sour,	
bitter,	salt	and	umami	taste	receptor	cells,	utilizing	the	same	set	of	genes	used	for	
differentiation	of	endogenous	taste	buds.	Finally,	we	show	that	ectopic	taste	buds,	
unlike	their	endogenous	counterparts,	are	completely	independent	of	innervation.	We	
suggest	that	local	mis-expression	of	SHH	supersedes	any	neural	requirement	for	taste	
bud	differentiation,	and	that	SHH	expression	alone	is	sufficient	to	drive	differentiation	
of	the	full	complement	of	cell	types	within	taste	buds.	
Results	
Ectopic	structures	with	taste	bud-like	characteristics	form	in	SHH-YFP+	non-taste	
epithelium	
	 The	anterior	tongue	comprises	both	taste	epithelium,	i.e.,	distributed	fungiform	
taste	papillae	housing	individual	taste	buds,	as	well	as	the	predominant	non-taste	
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epithelium	occupied	by	mechanosensory	filiform	papillae	(Fig.	2.1A,	A’,	A”)	(Nosrat	et	
al.,	2000).	Adult	mice	carrying	KRT14-cre/ERT2	(Li	et	al.,	2000)	(referred	to	here	as	
K14CreER)	and	SHH-YFPcKI	alleles	were	given	a	single	tamoxifen	dose	and	analyzed	
between	7	and	28	days	later.	Activation	of	the	SHH-YFPcKI	allele	results	in	SHH	
production	and	nuclear	YFP	expression,	which	reports	the	location	of	cells	expressing	
SHH.	Consistent	with	a	previous	report	that	tamoxifen	activation	of	K14CreER	results	in	
variably	sized,	mosaic	patches	of	reporter	expressing	cells	in	taste	and	non-taste	lingual	
epithelium	(Okubo	et	al.,	2009),	SHH-YFP	was	detected	in	numerous	patches	
throughout	the	non-taste	lingual	epithelium	and	in	some	but	not	all	fungiform	taste	
buds	and	papillae.		
	 In	tongue	epithelium,	cytokeratin	(K)	8	marks	differentiated	taste	bud	cells	
(Knapp	et	al.,	1995)	and	is	expressed	by	fungiform	taste	buds	in	wild	type	and	mutant	
mice	(Fig.	2.2A,	C	and	J,	L,	respectively).	Unexpectedly,	K8+	taste	bud-like	structures	
were	present	in	non-taste	epithelium,	but	only	where	SHH-YFP	was	expressed	(Fig.	
2.1B-E).	Ectopic	K8+	cell	clusters	were	never	encountered	in	SHH-YFP-negative	
epithelium	in	mutant	mice,	nor	in	tongues	of	control	mice.	We	found	ectopic	K8+	
structures	both	nearby	and	distant	from	endogenous	fungiform	taste	papillae,	as	well	as	
scattered	laterally	and	dorsally	in	the	anterior	tongue	(Fig.	2.1C-E).	However,	we	
discerned	no	clear	pattern	of	SHH-YFP	or	ectopic	cluster	formation	across	mutant	mice	
(data	not	shown),	supporting	the	hypothesis	that	the	random	and	mosaic	induction	of	
SHH-YFP	under	K14CreER	by	tamoxifen	(Okubo	et	al.,	2009)	dictates	the	location	of	K8+	
cell	cluster	formation.	Importantly,	not	all	SHH-YFP+	patches	contained	K8+	cell	clusters	
(Fig.	2.1C-E,	arrows).	Rather	SHH-YFP+	cells	in	these	patches	appeared	to	develop	
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normally	as	they	appropriately	turned	off	K14,	transited	through	a	squamous	stage,	and	
ultimately	contributed	to	the	cornified	barrier	of	the	tongue	surface	(data	not	shown).	
These	data	thus	suggest	that	additional	regional	factors	are	required	for	the	formation	
of	K8+	clusters	in	response	to	SHH	mis-expression.	
	 Ectopic	K8+	clusters	were	morphologically	similar	to	endogenous	taste	buds,	as	
they	were	composed	of	onion-shaped	aggregates	of	elongate	cells	(Figs.	2.1B-E,	2.2D-I,	
arrowheads	in	J,	L).	To	confirm	that	these	ectopic	cell	clusters	were	indeed	taste	buds,	
we	assayed	for	expression	of	claudin4.	This	protein	marks	differentiated	taste	cells	in	
fungiform	taste	buds	(Michlig	et	al.,	2007)(Fig.	2.2A-C,	arrowheads)	and	cells	in	the	
superficial	cornified	layer	of	the	tongue	(Michlig	et	al.,	2007)(Fig.	2.2A-C,	arrows),	but	
not	basal	keratinocytes	nor	suprabasal	epithelial	cells	adjacent	to	taste	buds.	Like	
endogenous	taste	buds,	100%	of	ectopic	K8+	clusters	were	claudin4+	(Fig.	2.2D-F,	
arrowheads;	ectopic	K8+	clusters	n=30;	mice	N=2;	Data	Table	S1),	as	was	the	superficial	
cornified	layer	(Fig.	2.2D-F,	arrows),	while	neighboring	basal	and	suprabasal	epithelial	
cells	were	claudin4-immunonegative.	Another	general	marker	of	taste	cells	is	KCNQ1,	a	
voltage-gated	potassium	channel	(Wang	et	al.,	2009),	and	like	endogenous	taste	buds,	
100%	of	ectopic	K8+	cell	clusters	were	KCNQ1+	(Fig.	2.2G-I;	ectopic	K8+	clusters	n	=30;	
mice	N=2;	Data	Table	S1).	In	adult	non-taste	epithelium,	the	suprabasal	layers	of	the	
lingual	epithelium	are	K13+	(Winter	et	al.,	1990;	Iwasaki	et	al.,	2006),	while	taste	buds	
are	K13-immunonegative	(Fig.	2.2J-L,	arrow).	Like	endogenous	taste	buds,	all	ectopic	
K8+	clusters	were	devoid	of	K13	expression	(Fig.	2.2J-L,	arrowhead;	ectopic	K8+	clusters	
n=30;	mice	N=2;	Data	Table	S1).	Thus,	analysis	of	general	markers	of	lingual	epithelial		
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Figure	2.1.	Ectopic	K8+	clusters	form	in	SHH-YFP+	non-taste	epithelium.		
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Figure	2.1.	Ectopic	K8+	clusters	form	in	SHH-YFP+	non-taste	epithelium.		
(A)	Lingual	taste	buds	occur	in	3	types	of	taste	papillae:	fungiform,	FF;	circumvallate,	
CV;	and,	foliate,	FL.	IE:	intermolar	eminence.	(A’)	The	anterior	1.5	mm	of	the	tongue,	
with	fungiform	papillae	(pink),	distributed	in	non-taste	epithelium	(grey)	was	analyzed	
in	this	study.	(A’’)	Taste	epithelium	of	the	anterior	tongue	comprises	fungiform	taste	
buds	and	papilla	epithelium	(dark	and	light	pink,	respectively);	the	remainder	of	the	
tongue	surface	is	non-taste	epithelium	(gray)	with	dense	mechanosensory	filiform	
papillae	(*).	(B)	Clusters	of	K8+	cells	(red)	form	within	SHH-YFP+	domains	(green),	often	
near	filiform	papillae	(*).	(C-E)	Low	magnification	images	of	ectopic	K8+	cells	(red,	
arrowheads)	within	SHH-YFP+	patches	(green)	of	non-taste	lingual	epithelium	of	three	
different	mice	show	the	distribution	of	K8+	ectopic	clusters;	not	all	SHH-YFP+	patches	
contain	ectopic	taste	bud-like	structures	(arrows).	Note:	Green	signal	in	the	lingual	
muscle	is	non-specific	background.	Scale	bar=10	μm	(in	B)	and	50	μm	(in	C-E);	nuclei	
are	counterstained	with	Draq5	(blue);	white	dashed	lines	delimit	the	basement	
membrane;	*=	mesenchymal	core	of	filiform	papillae.	All	images	are	confocal	z-stacks.	
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cell	fates	was	consistent	with	a	taste	bud	identity	for	ectopic	K8+	clusters	in	SHH-YFP+	
epithelium.		
Ectopic	taste	buds	comprise	all	3	differentiated	taste	cell	types	
	 To	determine	if	ectopic	K8+	clusters	contain	the	normal	complement	of	taste	bud	
cells,	we	used	an	extensive	panel	of	specific	markers	for	specific	taste	cell	types,	
including	Type	I	glial	cells	(NTPDase2)	(Bartel	et	al.,	2006),	Type	II	sweet/umami/bitter	
receptor	cells	(Gustducin,	PLCß2	and	TrpM5)	(Huang	et	al.,	1999;	Yang	et	al.,	2000b;	
Pérez	et	al.,	2002),	and	Type	III	sour	sensing	cells	(Snap25,	NCAM	and	Car4)	(Nelson	
and	Finger,	1993;	Yang	et	al.,	2000a;	Chandrashekar	et	al.,	2009).	NTPdase2+	Type	I,	
Gustducin+,	Trpm5+	or	PLCß2+	Type	II,	and	Snap25+,	NCAM+,	or	Car4+	Type	III	cells	
were	each	evident	in	SHH-YFP+	patches	(Figs.	2.2M-O,	S3),	indicating	that	all	principal	
cell	types	characteristic	of	mature,	fully	differentiated	taste	buds	were	present	in	
ectopic	taste	bud-like	structures.	Via	triple	immunostaining	(Type	I-NTPDase2;	Type	II-
TrpM5;	Type	III-Car4),	we	found	that	all	taste	cell	types	co-occurred	within	single	
ectopic	clusters	(Fig.	2.2P-S).	In	fact,	73%	of	ectopic	taste	buds,	compared	to	83%	of	
endogenous	taste	buds,	contained	all	3	taste	cell	types	(ectopic	K8+	clusters	n=30;	mice	
N=2;	endogenous	taste	buds,	n=18;	mice	N=1;	see	Data	Table	S1).	In	sum,	our	data	
indicate	that	the	K8+	cell	clusters	are	indeed	ectopic	taste	buds.	
	Ectopic	taste	buds	increase	in	number	and	become	positioned	progressively	more	
superficially	in	the	lingual	epithelium	
	 Overall,	the	number	of	ectopic	K8+	taste	buds	increased	with	time	post-tamoxifen,	
so	that	by	28	days,	more	than	100	ectopic	taste	buds	were	found	in	the	anterior-most		
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Figure	2.2.	Ectopic	K8+	clusters	which	form	in	SHH-YFP+	non-taste	epithelium	
have	taste	bud-like	characteristics	and	comprise	all	3	differentiated	taste	cell	
types.		
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Figure	2.2.	Ectopic	K8+	clusters	which	form	in	SHH-YFP+	non-taste	epithelium	
have	taste	bud-like	characteristics	and	comprise	all	3	differentiated	taste	cell	
types.		
(A-F)	Like	endogenous	taste	buds	(A-C),	ectopic	K8+	cells	express	claudin4	(D-F,	cyan,	
arrowheads),	which	marks	taste	receptor	cells,	and	the	cornified	epithelial	layer	in	an	
endogenous	fungiform	papilla	(B,	C,	arrows)	and	non-taste	epithelium	(E,	F,	arrows).	
(G-I)	Ectopic	K8+	cells	(red)	within	SHH-YFP+	domains	(green)	co-express	KCNQ1	
(cyan).	(J-L)	Ectopic	K8+	cells	(red,	arrowhead)	adjacent	to	a	K8+	endogenous	taste	bud	
(red,	arrow)	do	not	express	K13	(green).	(M-O)	Groups	of	ectopic	Type	I	(M,	
NTPDase2+,	red)	and	II	(N,	Gustducin,	red)	taste	cells	reside	in	SHH-YFP+	lingual	
epithelium	(green);	Type	III	cells	(O,	Snap25,	red)	generally	occurred	singly.	(P-S)	All	
differentiated	taste	cell	types	(I:	NTPDase2+,	cyan;	II:	TrpM5,	green;	and	III:	Car4,	red)	
are	present	within	an	ectopic	taste	bud.	Scale	bars=	10	μm;	nuclear	counterstain	Draq5	
(blue);	white	dashed	lines	delimit	the	basement	membrane;	white	solid	lines	delimit	
the	epithelial	surface;	*=	mesenchymal	core	of	filiform	papillae.	All	images	are	confocal	
z-stacks.	
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1.5	mm	of	mutant	tongues	(Figs.	2.1A,	2.3A).	Likewise,	ectopic	taste	buds	positive	for	
Type	I	and	II	taste	cell	markers	steadily	increased	after	tamoxifen	(Fig.	2.3B,C).	Ectopic	
buds	harboring	Type	III	cells	detected	via	Snap25-	or	Car4-immunofluorescence	were	
less	frequent,	and	did	not	increase	significantly	over	the	several	weeks	following	
tamoxifen	induction	(Fig.	2.3D.	Note:	Snap25	and	Car4	are	co-expressed	in	97%	of	Type	
III	cells,	Data	Table	S1).		
	 Taste	cells	within	fungiform	papillae	are	slender,	fusiform	cells	reaching	the	
dorsal	tongue	surface	where	they	extend	specialized	processes	apically	to	contact	the	
oral	cavity.	We	set	out	to	determine	if	ectopic	taste	cells	exhibited	a	similar	tendency	to	
extend	to	the	oral	cavity.	K8+	ectopic	buds	were	situated	in	a	variety	of	locations,	
including:	(1)	immediately	adjacent	to	the	basement	membrane;	(2)	embedded	within	
the	epithelium;	and	(3)	close	to	the	epithelial	surface,	some	with	apical	processes	
appearing	to	extend	into	the	oral	cavity.	When	we	systematically	mapped	the	position	
of	K8+	ectopic	buds	at	progressive	times	after	tamoxifen	induction,	K8+	cell	clusters	
became	located	increasingly	closer	to	the	surface,	with	the	proportion	of	apically-
situated	clusters,	many	with	apical	processes	accessing	the	tongue	surface,	increasing	
to	50%	at	28	days	post-tamoxifen	(Fig.	2.3E).		
Ectopic	taste	buds	arise	from	K14+	progenitors	and	express	genes	required	for	
differentiation	of	endogenous	taste	cells	
	 Ectopic	taste	buds	arise	from	regions	of	the	tongue	that	do	not	generate	taste	buds	
in	control	mice.	Thus,	we	asked	if	ectopic	buds	develop	via	a	novel	process,	or	
differentiate	according	to	the	lineage	progression	of	endogenous	taste	buds.	K14+	basal		
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Figure	2.3.	Ectopic	taste	buds	increase	in	number	and	are	located	progressively	
more	superficially	in	the	lingual	epithelium.		
(A)	Ectopic	K8+	taste	buds	are	evident	at	7	days	post-tamoxifen,	and	increase	over	time.	
(B-D)	Over	time,	more	ectopic	taste	buds	containing	type	I	(B),	II	(C)	and	III	(D)	cells,	
are	detected.	(E)	Progressively	more	ectopic	K8+	clusters	are	found	in	the	surface	layers	
of	the	epithelium	at	later	times	post-induction.	3	mice	per	time	point,	one-way	ANOVA,	
Tukey-Kramer	post	hoc	test,	*P	<	0.05,	**P	<	0.01	for	A-D.		
	
	 38	
keratinocytes	represent	the	stem	cell	population	for	endogenous	taste	buds	(Okubo	et	
al.,	2009),	and	as	taste	cells	differentiate,	they	down-regulate	K14	and	become	K8+	
(Asano-Miyoshi	et	al.,	2008).	Likewise,	all	ectopic	taste	buds	were	derived	from	K14+	
progenitor	cells,	as	evidenced	by	the	expression	of	the	reporter	component	of	Shh-
YFPcKI,	i.e.,	nuclear	YFP	(Figs.	2.1B-E,	2.2D-I,	M-O,	4).	Further,	differentiated	ectopic	
taste	cells	ceased	expression	of	K14	and	expressed	K8	(Fig.	2.4A-C).		
	 The	transcriptional	target	of	SHH,	Gli1,	is	widely	used	to	identify	SHH-responsive	
cells.	A	small	number	of	SHH+	basal	cells	reside	in	each	fungiform	taste	bud	(Miura	et	
al.,	2004),	with	SHH-responsive	Gli1+	cells	surrounding	taste	buds;	non-taste	epithelial	
cells	remote	from	fungiform	taste	buds	are	Gli1-negative	(Liu	et	al.,	2013).	Like	
endogenous	taste	buds,	ectopic	K8+	taste	buds	were	surrounded	by	Gli1LacZ+	cells	(Fig.	
2.4D-F,	nicked	arrowheads).	This	result	also	validates	that	expression	of	the	SHH-YFP	
allele	results	in	local	secretion	of	SHH,	which	turns	on	Gli1	in	adjacent	cells.		
	 The	transcription	factor,	Sox2,	is	required	for	development	of	taste	buds,	and	is	
expressed	in	lingual	epithelia	of	embryos	and	adult	mice	(Okubo	et	al.,	2006).	In	adults,	
K14+	basal	cells	throughout	the	lingual	epithelium	express	Sox2	at	low	levels,	while	
K14+	progenitors	adjacent	to	taste	buds	express	high	Sox2,	as	do	a	subset	of	cells	within	
taste	buds	(Okubo	et	al.,	2006;	Suzuki,	2008;	Okubo	et	al.,	2009).	A	similar	pattern	of	
expression	was	evident	for	all	ectopic	taste	buds	examined:	Sox2	was	expressed	at	high	
levels	by	epithelial	cells	surrounding	(Fig.	2.4G-I,	nicked	arrowheads)	and	within	(Fig.	
2.4G-I,	arrowheads)	ectopic	buds,	whereas	Sox2	expression	was	low	in	non-taste	basal	
keratinocytes	where	SHH-YFP	was	absent	(Fig.	2.4G-I,	arrows;	data	not	shown).		
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	 Skn-1a,	a	POU	domain	transcription	factor,	is	required	for	Type	II	taste	cell	fate,	
and	is	expressed	by	Type	II	cells	as	well	as	their	presumed	precursors	within	taste	buds	
(Matsumoto	et	al.,	2011).	Similarly,	Skn-1a	expression	was	restricted	to	SHH-YFP+	cells	
within	all	ectopic	buds	examined	(Fig.	2.4J-L;	data	not	shown).	In	sum,	SHH	mis-
expression	in	non-taste	epithelium	drives	differentiation	of	taste	cells	from	the	K14+	
stem	population,	and	results	in	patterns	of	regulatory	gene	expression	that	mirror	
those	of	endogenous	taste	buds.		
	 By	contrast,	expression	of	SHH	in	ectopic	taste	buds	differed	from	endogenous	
buds.	In	the	latter,	Shh	expression	is	transient	and	limited	to	Type	IV	basal	cells,	while	
differentiated	Type	I,	II	and	III	taste	cells	turn	off	Shh	(Miura	et	al.,	2004;	2006).	
Interestingly,	ectopic	taste	cells	constitutively	express	SHH-YFP,	yet	still	differentiate,	
indicating	that	differentiation	of	all	taste	cell	types	can	occur	despite	continued	SHH	
expression.		
SHH	induction	of	ectopic	taste	buds	is	independent	of	taste	and	somatosensory	
innervation	
	 As	maintenance	of	adult	taste	buds	depends	upon	innervation	(Oakley	and	Witt,	
2004),	we	examined	if	differentiation	of	ectopic	taste	buds	was	likewise	nerve-	
dependent.	SHH	functions	as	an	axon	guidance	factor	during	early	brain	development	
(Sánchez-Camacho	and	Bovolenta,	2009),	and	we	reasoned	that	it	might	play	a	similar	
role	in	taste	innervation.	Although	gustatory	fibers	are	restricted	to	fungiform	taste	
buds	in	adult	tongue,	we	hypothesized	that	ectopic	SHH	might	attract	gustatory	nerves	
to	non-taste	epithelium,	and	thus	ectopic	bud	differentiation	would	be	secondary	to	de	
novo,	ectopic	gustatory	innervation.	Using	antiserum	against	the	purinergic	receptor,		
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Figure	2.4.	Ectopic	taste	buds	recapitulate	the	differentiation	program	of	
endogenous	taste	buds.		
(A-C)	An	ectopic	K8+	taste	bud	(red)	lacks	K14	expression	(cyan),	while	adjacent	
progenitors	are	K14+.	(D-F)	Gli1-LacZ+	cells,	revealed	with	anti-ß-galactosidase	(cyan,	
nicked	arrowheads),	surround	an	ectopic	K8+	taste	bud	(red,	arrowheads),	which	is	
SHH-YFP+	(green)	in	non	taste	epithelium	of	a	K14CreER;SHH-YFPcKI;Gli1LacZ	mouse.	
K8+	cells	are	dimly	ß-gal+.	(G-I)	Sox2	(cyan)	is	highly	expressed	by	ectopic	K8+	cells	
(red,	arrowheads),	and	by	epithelial	cells	immediately	adjacent	(cyan,	nicked	
arrowheads).	Sox2	is	low	(cyan,	arrows)	in	epithelial	cells	distant	from	SHH-YFP+	cells	
(green).	(J-L)	Skn-1a	(cyan)	is	expressed	solely	within	K8+	ectopic	taste	buds	(red).	
Scale	bars=	10	μm;	white	dashed	lines	delimit	the	basement	membrane;	white	solid	
lines	delimit	the	epithelial	surface	(in	A-C,	G-I	the	surface	is	up,	and	out	of	the	field	of	
view).	All	images	are	confocal	z-stacks,	except	D-F	which	show	a	single	optical	section	
(0.76	μm	thickness).	
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P2X2,	which	marks	taste	fibers	(Finger	et	al.,	2005),	we	found	that	whereas	endogenous	
taste	buds	were	amply	innervated	by	P2X2+	fibers	(Fig.	2.5A),	ectopic	taste	buds	were	
not	(Fig.	2.5B).	P2X2+	fibers	did	not	stray	from	endogenous	fungiform	papillae,	and	in	
no	instance,	in	any	animal,	at	any	time	point,	were	ectopic	P2X2+	fibers	observed	in	or	
near	K8+	ectopic	taste	buds.	
	 The	mechanosensory	filiform	papillae	of	the	anterior	tongue,	the	epithelial	cells	of	
fungiform	papillae,	as	well	as	taste	buds	per	se	are	innervated	by	somatosensory	fibers	
emanating	from	the	trigeminal	ganglia	(Finger	and	Simon,	2000),	and	trigeminal	fibers	
support	taste	buds	in	cross-innervation	studies	(Kinnman	and	Aldskogius,	1988).	To	
test	if	somatosensory	fibers	innervate	ectopic	taste	buds	in	SHH-YFP+	non-taste	
epithelium,	we	used	PGP9.5,	a	general	marker	of	somatosensory	and	gustatory	nerve	
fibers	(Kanazawa	and	Yoshie,	1996),	to	examine	both	intragemmal	(within	buds)	and	
perigemmal	(surrounding	buds)	innervation	(Fig.	2.5C)	of	endogenous	and	ectopic	taste	
buds.	As	expected,	PGP9.5+	fibers	were	present	in	and	around	endogenous	taste	buds	
(Fig.	2.5D).	PGP9.5+	nerve	fibers	traveled	along	the	basal	lamina,	and	invaded	both	SHH-
YFP+	and	SHH-YFP-negative	non-taste	epithelium	(Fig.	2.5E).	While	fine	PGP9.5+	fibers	
were	found	near	some	ectopic	taste	buds	(Fig.	2.5E,	arrow),	other	ectopic	buds	were	
situated	in	epithelium	entirely	lacking	PGP9.5+	neurites	(Fig.	2.5F).	
	 To	determine	in	an	unbiased	fashion	if	and	to	what	extent	ectopic	buds	were	
innervated,	we	developed	an	automated	quantitative	analysis	using	MATLAB	(see	
Methods	for	details).	To	avoid	any	experimental	bias,	innervation	density	was	analyzed	
for	randomly	selected	endogenous	and	ectopic	taste	buds,	which	represented	subsets	of	
10	and	15	buds	per	mouse	tongue,	respectively.	PGP9.5+	nerve			
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Figure	2.5.	Fungiform	taste	buds	are	innervated	by	P2X2+	and	PGP9.5+	nerve	
fibers,	whereas	ectopic	taste	buds	form	in	lingual	epithelium	innervated	only	by	
PGP9.5+	fibers.		
(A)	A	fungiform	taste	bud	is	innervated	by	P2X2+	taste	fibers,	while	ectopic	taste	buds	
(B)	lack	P2X2+	fibers	(P2X2+	cyan;	K8+	red;	SHH-YFP+	green).	(C)	Diagram	of	
intragemmal	versus	perigemmal	innervation	of	an	endogenous	fungiform	taste	bud.	A	
taste	bud	(dark	pink)	is	innervated	by	P2X2+	and	PGP9.5+	intragemmal	fibers	(black);	
the	papilla	epithelium	(light	pink)	is	innervated	by	PGP9.5+	perigemmal	fibers	only	
(blue).	(D)	PGP9.5+	neurites	innervate	endogenous	taste	buds	(PGP9.5+	cyan;	K8+	red).	
(E,	F)	PGP9.5+	neurites	are	found	near	an	ectopic	taste	bud	with	SHH-YFP+	expression	
(arrow	in	E),	while	another	ectopic	bud	lies	in	SHH-YFP+	epithelium	remote	from	
sparse	PGP9.5+	fibers	(arrowheads)(PGP9.5+	cyan;	K8+	red;	SHH-YFP+	green).	Scale	
bars:	10	μm;	white	dashed	lines	delimit	the	basement	membrane;	white	solid	lines	
delimit	the	epithelial	surface.	All	images	are	confocal	z-stacks.	
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fibers	associated	with	each	randomly	selected	bud	were	then	quantified	and	
categorized	as	intragemmal	or	perigemmal	(Figs.	2.5C,	S6	and	Methods).		 		
	 Ectopic	taste	buds	had	significantly	fewer	intragemmal	nerve	fibers	than	
endogenous	buds	at	all	time	points	(Fig.	2.6A-D).	Remarkably,	at	every	time	point,	35-
40%	of	ectopic	buds	were	completely	devoid	of	PGP9.5+	fibers,	in	contrast	to	the	
extensive	PGP9.5+	innervation	of	endogenous	taste	buds	(Figs.	2.5D,	6).	An	identical	
outcome	was	observed	for	perigemmal	innervation,	i.e.,	PGP9.5+	fibers	immediately	
adjacent	to	taste	buds	(Figs.	S6,	S7	and	Methods).	Whereas	perigemmal	innervation	of	
endogenous	taste	buds	was	robust,	that	of	ectopic	taste	buds	was	extremely	sparse;	
~10%	of	ectopic	buds	across	all	time	points	completely	lacked	perigemmal	fibers.		
	 In	rodents,	endogenous	taste	bud	size	is	positively	correlated	with	the	number	of	
gustatory	neurons	providing	afferent	innervation	(Krimm	and	Hill,	2000).	Thus,	we	
examined	whether	PGP9.5+	intragemmal	neurite	density	also	correlated	with	taste	bud	
size.	We	tallied	K8+	pixels	per	taste	bud	as	a	proxy	for	taste	bud	size	(see	Methods)	and	
compared	this	value	to	intragemmal	PGP9.5+	innervation.	While	intragemmal	
innervation	density	was	strongly	correlated	with	endogenous	bud	size,	no	such	
relationship	was	evident	for	ectopic	taste	buds	(Fig.	2.6E).	Furthermore,	comparing	
endogenous	and	ectopic	taste	buds	of	similar	size	(Fig.	2.6E,	e.g.	~20,000	K8+	pixels)	
revealed	a	clear	difference	in	intragemmal	neurite	density,	with	up	to	18,000	PGP9.5+	
pixels	per	endogenous	bud	versus	0	pixels	for	several	ectopic	taste	buds	of	the	same	
size.	
	 Finally,	we	compared	the	sizes	of	ectopic	and	endogenous	taste	buds	over	time	
post-tamoxifen.	At	day	7	post-tamoxifen,	ectopic	taste	buds	were	much	smaller	than	
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Figure	2.6.	Ectopic	taste	buds	are	independent	of	intragemmal	innervation.		
Significantly	fewer	PGP9.5+	neurites	are	found	in	ectopic	taste	buds	(grey	symbols)	
than	endogenous	taste	buds	(black	symbols)	at	all	time	points	(two	tailed	Mann-
Whitney	U	test,	(A)	7	days	U=	5.0,	(B)	14	days,	U=	43.0,	(C)	21	days,	U=	54.0,	(D)	28	
days,	U=139.0;	22-45	ectopic	and	23-30	endogenous	taste	buds	per	time	point,	
randomly	selected	from	all	taste	buds	in	3	mice	per	time	point,	****P	<	0.0001).	(E)	At	
14	days	post-tamoxifen,	endogenous	taste	bud	size	and	PGP9.5+	innervation	are	
strongly	correlated	(black,	r	=	0.8000,	P	<	0.0001,	30	endogenous	taste	buds	from	3	
mice),	whereas	ectopic	taste	bud	size	and	PGP9.5+	innervation	are	not	(grey,	r	=	0.0817,	
P	=	0.5939,	45	ectopic	taste	buds	from	3	mice).	
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endogenous	buds	(4,403	+	654	K8+	pixels).	Ectopic	taste	buds	enlarged	significantly	by		
14	days,	yet	were	still	significantly	smaller	than	endogenous	buds	(ectopic:	8,887	+	
1,159	versus	endogenous:	45,586	+	4,985	K8+	pixels;	two-tailed	Student’s	t-test,	P	<	
0.0001).	Ectopic	taste	bud	size	did	not	grow	beyond	the	average	reached	at	2	weeks	(21	
days:	8,840	+	1,144	K8+	pixels;	28	days:	9,968	+	1,202	K8+	pixels),	suggesting	that	while	
SHH	drives	differentiation	and	maintenance	of	ectopic	taste	buds,	neural	support,	which	
these	ectopic	taste	buds	never	receive,	may	be	required	to	obtain	mature	bud	size	
(Krimm	and	Hill,	1998).	
Discussion	
	 In	adult	mammals,	lingual	taste	buds	are	restricted	to	taste	papillae,	where	they	
undergo	continual	renewal.	Here,	we	reveal	an	unrecognized	competency	of	adult	
tongue	epithelium	to	generate	taste	buds	de	novo	in	response	to	ectopic	SHH	
expression.	These	ectopic	taste	buds	contain	the	full	complement	of	functional	taste	cell	
types,	and	differentiate	via	the	same	lineage	steps	as	endogenous	buds.	Thus,	ectopic	
SHH	expression	causes	a	transformation	of	lingual	epithelial	cell	fate,	as	non-taste	
progenitors	cells	give	rise	to	cell-type	replete	taste	buds	rather	than	produce	K13+	
pseudostratified	epithelium.	Unlike	endogenous	taste	buds,	however,	we	find	that	
ectopic	taste	buds	differentiate	in	the	absence	of	innervation,	i.e.,	neither	contact	by	
gustatory	nor	somatosensory	nerve	fibers	is	required.	We	propose	that	SHH	mis-
expression	supersedes	the	requirement	for	innervation	essential	for	renewal	of	
endogenous	taste	buds,	and	suggest	a	pro-differentiation	function	for	SHH	in	adult	taste	
buds.		
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Ectopic	SHH	expression	in	non-taste	lingual	epithelium	induces	ectopic	taste	buds	
	 To	date,	despite	over	100	years	of	study,	taste	buds	have	never	been	reported	
outside	of	taste	papillae	in	any	mammalian	tongue.	Moreover,	attempts	to	generate	
taste	buds	from	lingual	keratinocytes	in	vitro	have	failed	(Luo	et	al.,	2009;	Hisha	et	al.,	
2013).	Thus,	we	show	for	the	first	time	not	only	that	the	tongue	is	broadly	competent	to	
make	taste	buds,	but	also	that	SHH	is	a	key	inducer	and	is	a	positive	regulator	of	taste	
bud	cell	differentiation.	
	 During	embryogenesis,	taste	placodes	(embryonic	precursors	of	the	first	postnatal	
taste	buds;	(Thirumangalathu	et	al.,	2009)	arise	in	distinct	bilateral	rows	in	the	anterior	
tongue	at	embryonic	day	(E)12.0-E12.5),	and	manipulation	of	a	number	of	signaling	
pathways	has	revealed	that	this	early	pattern	is	plastic.	For	example,	activated	Wnt/ß-
catenin	signaling	(Liu	et	al.,	2007)	or	loss	of	follistatin	(Beites	et	al.,	2009)	results	in	
excess	and	enlarged	ectopic	taste	placodes.	Like	follistatin,	SHH	is	also	a	key	negative	
regulator	of	embryonic	taste	placode	pattern,	in	that	pharmacological	inhibition	of	the	
pathway	results	in	expanded	and	ectopic	taste	placodes	(Hall	et	al.,	2003;	Mistretta	et	
al.,	2003),	whereas	placode	formation	is	blocked	in	embryonic	tongue	cultures	treated	
with	SHH	ligand	(Iwatsuki	et	al.,	2007).	This	repressive	function	of	SHH	in	embryos	
contrasts	starkly	with	its	function	in	adults,	where	we	show	that	SHH	promotes	taste	
cell	differentiation.	Our	data	thus	indicate	quite	different	mechanisms	of	action	for	SHH	
in	embryonic	pattern	formation	versus	regulation	of	taste	cell	differentiation	during	
adult	taste	bud	homeostasis.		
	 Importantly,	not	all	SHH-YFP+	patches	in	non-taste	epithelium	differentiate	taste	
buds,	indicating	that	additional	components	render	specific	areas	of	non-taste	
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epithelium	competent	to	generate	ectopic	taste	buds	in	response	to	SHH.	The	tongue	
epithelium	has	a	diversity	of	cellular	compartments	responsible	for	homeostasis	(Miura	
and	Barlow,	2010;	Feng	et	al.,	2013;	Tanaka	et	al.,	2013),	and	thus,	ectopic	taste	bud	
formation	may	coincide	with	an	as	yet	unidentified	epithelial	compartment.	
	 Recently,	hyperactivation	of	a	downstream	effector	of	SHH	signaling,	Gli2,	in	
lingual	epithelium	has	been	shown	to	cause	loss	of	endogenous	taste	buds,	while	
ectopic	taste	buds	were	not	observed	(Liu	et	al.,	2013).	However,	broad	mis-expression	
of	Gli2	caused	severe	disruption	of	all	lingual	epithelium,	such	that	the	specific	function	
of	Gli2	in	taste	bud	differentiation	remains	to	be	elucidated.		
SHH-induced	ectopic	taste	buds	resemble	endogenous	taste	buds	in	morphology	and	
cell	complement,	and	recapitulate	the	differentiation	program	of	endogenous	taste	buds	
	 Here,	we	discovered	that	SHH	mis-expression	induced	numerous	clusters	of	
elongate	cells	that	were	morphologically	distinct	from	the	surrounding	non-taste	
epithelium,	and	were	made	up	of	all	3	differentiated	taste	bud	cell	types	(I,	II	and	III).	
Type	I	support	cells	are	most	prevalent	in	taste	buds,	followed	by	Type	II	and	the	least	
abundant	Type	III	cells	(Ma	et	al.,	2007;	Chaudhari	and	Roper,	2010).	Similarly,	the	
relative	proportions	of	these	three	cell	types	in	ectopic	taste	buds	reflect	those	of	
endogenous	buds	(I	>	II	>	III).	The	limited	increase	in	ectopic	Type	III	cells	is	consistent	
with	previous	studies	showing	that	Type	III	cells	are	least	common,	representing	only	
6%	of	cells	in	each	fungiform	taste	bud	(Ohtubo	and	Yoshii,	2011),	are	generated	less	
frequently	than	Type	I	and	II	cells	(Miura	et	al.,	2014),	and	are	also	significantly	longer	
lived	than	Types	I	and	II	(Perea-Martinez	et	al.,	2013).	These	factors	likely	contribute	to	
the	less	frequent	genesis	of	Type	III	cells	in	ectopic	taste	buds,	although	we	cannot	rule	
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out	that	a	full	Type	III	cell	complement	may	not	differentiate	in	taste	buds	that	lack	
innervation	(and	see	below).		
	 Adult	taste	buds	follow	a	sequential	process	of	differentiation,	where	bipotential	
K14+	progenitors	adjacent	to	taste	buds	generate	either	K13+	keratinocytes	or	taste	
cells	(Okubo	et	al.,	2009).	Like	their	endogenous	counterparts,	ectopic	taste	buds	
descend	from	K14+	progenitor	cells,	since	ectopic	taste	cells	were	always	SHH-YFP+.	
Like	endogenous	buds,	the	ectopic	buds	were	devoid	of	K13	immunoreactivity,	
demonstrating	their	non-keratinocyte	fate,	and	expressed	general	markers	of	taste	buds	
(K8,	claudin4	and	KCNQ1)	(Knapp	et	al.,	1995;	Michlig	et	al.,	2007;	Asano-Miyoshi	et	al.,	
2008;	Wang	et	al.,	2009).	Ectopic	taste	buds	also	exhibited	appropriate	expression	of	
transcription	factors	known	to	regulate	taste	bud	development	and	renewal,	Sox2	and	
Skn-1a	(Okubo	et	al.,	2006;	Suzuki,	2008;	Matsumoto	et	al.,	2011),	further	supporting	
that	differentiation	of	ectopic	taste	buds	mirrors	that	of	endogenous	taste	buds.	
	 In	adult	taste	buds,	Type	IV	basal	cells	are	Shh+,	and	are	immediate	postmitotic	
precursors	of	all	3	taste	cell	types	(Miura	et	al.,	2014).	However,	SHH	is	only	transiently	
expressed	in	taste	precursors,	as	taste	receptor	cells	turn	off	SHH	as	part	of	the	
endogenous	differentiation	program	(Miura	et	al.,	2006).	In	contrast,	due	to	the	nature	
of	the	SHHcKI	allele,	SHH	is	constitutively	expressed	in	ectopic	taste	buds,	yet	this	
persistent	expression	does	not	block	taste	cell	differentiation.	In	fact,	our	findings	
indicate	that	cessation	of	SHH	expression	is	not	required	for	taste	cell	differentiation,	
and	moreover	are	consistent	with	the	observation	that	cells	within	taste	buds	do	not	
express	SHH	target	genes	(Liu	et	al.,	2013)(Figs.	2.4D-F,	S5)	and	are	therefore	not	
influenced	by	local	SHH	signaling.		
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	 Our	expression	analysis	is	not	an	exhaustive	survey	of	regulatory	genes	expressed	
in	adult	taste	buds,	including	members	of	the	Notch,	TGFß,	and	Wnt	pathways	(Seta	et	
al.,	2003;	Nakamura	et	al.,	2010;	Nguyen	and	Barlow,	2010;	Gaillard	and	Barlow,	2011),	
as	well	as	numerous	transcription	factors	such	as	Six1,	Six4,	Ascl1,	Hes6	and	Hes1	(Seta	
et	al.,	2003;	Ota	et	al.,	2009;	Suzuki	et	al.,	2010;	Seta	et	al.,	2011).	The	degree	to	which	
these	genes	are	similarly	or	differentially	expressed	by	endogenous	versus	ectopic	taste	
buds	may	shed	light	on	genes	required	for	taste	cell	differentiation	regardless	of	
location,	versus	those	required	for	interactions	with	sensory	afferents	or	perhaps	for	
taste	papilla	genesis.	
SHH	induces	taste	bud	differentiation	in	non-taste	epithelium	without	taste	papillae	
formation	
	 Adult	fungiform	taste	buds	reside	within	taste	papillae.	By	contrast,	ectopic	buds	
reported	here	lack	taste	papillae	and	are	interspersed	among	filiform	papillae.	Thus,	in	
adult	tongue,	the	differentiation	of	ectopic	taste	buds	is	separable	from	taste	papilla	
morphogenesis.	This	is	similar	to	what	is	seen	with	taste	bud	morphology	in	aquatic	
salamanders	(Barlow,	1999),	fishes	(Caprio,	1987),	and	mammalian	soft	palate	
(Cleaton-Jones,	1971),	where	taste	buds	lack	papillae	and	are	embedded	directly	in	the	
epithelium.	Additionally,	during	mouse	embryogenesis	Shh+	taste	placodes	contribute	
exclusively	to	taste	buds,	but	not	to	taste	papillae,	revealing	that,	once	patterned,	taste	
buds	and	papillae	descend	from	distinct	cell	populations	(Thirumangalathu	et	al.,	
2009).	Our	results	further	support	the	hypothesis	that	taste	bud	genesis	and	papillary	
morphogenesis	are	separable	events	in	development	and	evolution	(Krimm	and	
Barlow,	2007).	
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Does	SHH	bypass	the	requirement	of	innervation	for	taste	bud	differentiation?		
	 In	contrast	to	classical	observations	that	maintenance	of	adult	taste	buds	depends	
upon	intact	innervation	(Oakley	and	Witt,	2004),	ectopic	taste	buds	induced	by	SHH	do	
not.	Previous	studies	have	revealed	both	axon	chemoattraction	and	chemorepulsion	by	
SHH	during	development	of	the	central	nervous	system	(Charron	and	Tessier-Lavigne,	
2005;	Sánchez-Camacho	and	Bovolenta,	2009;	Avilés	et	al.,	2013).	Furthermore,	in	the	
peripheral	nervous	system,	Hh	signaling	plays	a	role	in	maintenance	and	regeneration	
of	peripheral	nerves	(Angeloni	et	al.,	2011),	including	facial	motor	neurons	(Akazawa	et	
al.,	2004)	and	parasympathetic	innervation	of	the	submandibular	glands	(Hai	et	al.,	
2014).	Thus,	it	was	possible	that	mis-expression	of	SHH	in	lingual	epithelium	attracted	
gustatory	and/or	somatosensory	neurites,	and	hence	ectopic	taste	bud	formation	would	
be	secondary	to	SHH-directed	innervation.	This	was	decidedly	not	the	case	for	
gustatory	innervation,	which	did	not	stray	from	their	taste	bud	targets,	consistent	with	
the	highly	targeted	development	of	taste	bud	innervation	(Farbman	and	Mbiene,	1991;	
Lopez	and	Krimm,	2006).		
	 The	anterior	tongue	is	densely	innervated	by	trigeminal	somatosensory	fibers,	
which	in	cross-innervation	studies	support	taste	buds	in	situ	(Kinnman	and	Aldskogius,	
1988).	Additionally,	dorsal	root	ganglion	sensory	neurons	paired	in	oculo	with	tongue	
explants	also	maintain	taste	buds	(Zalewski,	1973).	However,	our	quantitative	analysis	
revealed	that	ectopic	taste	buds	were	not	contacted	consistently	by	somatosensory	
fibers;	almost	half	of	ectopic	taste	buds	analyzed	had	no	innervation	whatsoever,	such	
that	the	spatial	relationship	between	ectopic	taste	buds	and	somatosensory	neurites	
appeared	random	and	incidental.	Despite	these	findings,	we	cannot	rule	out	that	
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transient	contact	of	SHH+	epithelial	cells	by	somatosensory	fibers	may	be	sufficient	to	
trigger	taste	bud	differentiation	in	this	genetic	model.	However,	we	consider	this	
unlikely,	as	taste	bud	maintenance	in	all	experimental	contexts	requires	persistent	
innervation	(Oakley	and	Witt,	2004).	
	 Shh	is	expressed	by	basal	cells	within	taste	buds,	and	this	expression	is	exquisitely	
nerve	dependent	(Miura	et	al.,	2004).	Upon	denervation,	Shh	is	rapidly	lost,	as	is	
expression	of	SHH	target	genes	by	surrounding	progenitor	cells,	and	this	loss	precedes	
the	loss	of	differentiated	taste	cells	(Miura	et	al.,	2004).	Likewise,	upon	reinnervation,	
Shh	and	target	gene	expression	rapidly	resume	before	differentiated	taste	buds	
reappear.	While	SHH	has	been	proposed	to	regulate	taste	progenitor	proliferation	
(Miura	et	al.,	2006),	our	data	support	a	pro-differentiation	role	for	SHH,	which	can	drive	
the	entire	lineage	program	from	progenitor	specification	to	differentiated	taste	cells.	
Thus,	we	hypothesize	that	transgenic	SHH	expression	supersedes	any	neural	
requirement	for	Shh	expression	and	its	subsequent	function	in	taste	bud	differentiation,	
and	may	account	for	the	differentiation	of	ectopic	taste	buds	in	the	absence	of	
innervation.	Importantly,	basal	cell	carcinoma	patients	receiving	chemotherapeutics	
targeting	the	SHH	pathway	often	experience	a	loss	or	distorted	sense	of	taste	(Ng	and	
Curran,	2011).	Our	results	suggest	that	these	drugs	may	affect	differentiation	of	taste	
cells,	providing	new	insight	for	possible	mitigation	of	taste	dysfunction	in	patients.	
Materials	and	methods		
Mice	
	 A	pROSA26PA	vector	containing	a	lox-STOP-lox	cassette	followed	by	cDNA	
encoding	hSHH,	an	internal	ribosomal	entry	site	(IRES)	and	three	NLS	sequences	
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driving	nuclear	expression	of	Venus	yellow	fluorescent	protein	(YFP)	was	used	to	target	
the	Rosa26	locus	(Soriano,	1999)	in	C57BL/6	ES	cells.	Correctly	targeted	ES	cells	were	
identified	by	Southern	blotting	and	injected	into	blastocysts	using	standard	techniques.	
Germline	transmission	was	obtained	after	crossing	the	resulting	chimaeras	with	
C57BL/6N	females.	Mice	carrying	the	KRT14-cre/ERT2	(“K14CreER”)	(Li	et	al.,	2000)	
and	SHH-YFPcKI	alleles	were	maintained	at	UCSF	and	genotyped	using	standard	
primers	for	detection	of	the	Cre	recombinase	gene,	presence	of	a	Neo	cassette	and	
presence	of	a	wild-type	Rosa	allele.	Mice	carrying	the	Gli1lacZ	allele	(Bai	et	al.,	2002)	
were	maintained	and	genotyped	as	previously	described.	All	rodent	work	was	done	in	
the	UCSF	vivarium	according	to	approved	protocols.		
Tamoxifen	induction	
	 A	single	dose	of	5	mg	tamoxifen	(Sigma	T5648)	dissolved	in	corn	oil	was	given	via	
oral	gavage	to	K14CreER;SHH-YFPcKI	mice	(5-10	weeks	of	age).	Mice	were	sacrificed	7,	
14,	21	or	28	days	post-tamoxifen	induction,	following	protocols	approved	by	the	Animal	
Care	and	Use	Committee	at	UCSF.	Data	for	this	study	were	gathered	from	3-4	mice	per	
time	point.	
Tissue	preparation	
	 Tongues	were	harvested	and	fixed	via	immersion	in	4%	paraformaldehyde	(PFA)	
in	0.1M	phosphate	buffered	saline	(PBS)	overnight	at	4°C.	Processing	of	tissue	was	
restricted	to	the	anterior	tongue	with	a	high	density	of	fungiform	papillae	(Fig.	2.1A,A’).	
Tissue	was	cryoprotected	in	20%	sucrose	in	0.1M	PBS	overnight	at	4°C,	embedded	in	
Tissue-Tek®	O.C.T.™	Compound	(4583,	Sakura),	frozen,	and	stored	at	−80°C.	Eight	sets	
of	serial	cryosections	(12	μm)	per	tongue	were	collected	on	Superfrost	Plus	Slides	(12-
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550-15,	Fisher	Scientific).		
Immunofluorescence	
	 Immunofluorescence	was	performed	on	12	µm	cryosections	as	described	(Nguyen	
and	Barlow,	2010).	Primary	antisera	and	dilutions:	rat	anti-K8	(Troma)	(1:200;	
Developmental	Studies	Hybridoma	Bank,	University	of	Iowa),	rabbit	anti-Claudin4	
(1:250;	364800,	Invitrogen),	rabbit	anti-NTPDase2	(1:3000;	mN2-36L,	CHUQ),	rabbit	
anti-α-Gustducin	(1:1000;	sc-395,	Santa	Cruz),	rabbit	anti-Snap25	(1:8000;	S9684,	
Sigma),	rabbit	anti-PLCβ2	(1:1000;	sc-206,	Santa	Cruz),	rabbit	anti-NCAM	(1:1000;	
AB5032,	Millipore),	goat	anti-KCNQ1	(1:500;	sc-10646,	Santa	Cruz),	guinea	pig	anti-
TrpM5	(1:1000;	from	Dr.	Emily	Liman	at	USC),	goat	anti-Car4	(1:1000;	AF2414,	R&D	
Systems),	rabbit	anti-K14	(1:3500;	PRB-155P,	Covance),	guinea	pig	anti-K13	(1:500;	
BP5076,	Acris	Antibodies),	goat	anti-Sox2	(1:500;	sc-17320,	Santa	Cruz),	rabbit	anti-
Skn1-a	(Pou2f3)	(1:500;	sc-330,	Santa	Cruz),	rabbit	anti-P2X2	(1:500;	APR-003,	
Alomone	Labs),	rabbit	anti-PGP9.5	(1:1000;	7863-0504,	AbD	Serotec),	rabbit	anti-β-gal	
(1:1000;	55976,	MP	Biomedicals)	and	chicken	anti-GFP	(1:1000;	GFP-1020,	Aves	Labs).	
Appropriate	secondary	antisera	from	Invitrogen	or	Jackson	ImmunoResearch	were	
used	at	1:1000	or	1:800,	respectively.	Sections	were	counterstained	with	Draq5	
(1:8000;	108410,	AbCam)	or	TO-PRO-3	(1:1000;	T3605,	Invitrogen),	and	coverslipped	
with	Fluormount	G	(0100-01,	SouthernBiotech)	or	ProLong	Gold	Antifade	(P36930,	
Invitrogen).		
Image	acquisition	and	analysis	
	 	Initially,	taste	buds	were	counted	in	immunostained	sections	using	a	Zeiss	
Axioplan	II	microscope,	Axiocam	CCD	camera	and	Axiovision	software.	Eight	serial	sets	
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of	12	sections	were	prepared	from	the	most	anterior	1.5	mm	of	each	tongue;	a	single	
series	was	used	per	taste	cell	type	marker.	Thus,	sections	on	each	slide	were	separated	
by	7	X	12	µm	=	84	µm.	Each	endogenous	taste	bud	is	~	35	µm	in	diameter	(data	not	
shown),	so	this	eliminated	double	counting	of	ectopic	or	endogenous	taste	buds.	For	
each	immunomarker,	endogenous	and	ectopic	buds	were	tallied	and	assigned	a	
number.	Endogenous	taste	buds	were	distinguishable	from	ectopic	buds,	as	the	former	
were	always	located	apically	within	fungiform	papillae	(e.g.	Fig.	2.2A-C,	J-L	arrow).	
Ectopic	taste	buds	were	embedded	in	the	lingual	epithelium,	and	lacked	papillae	(e.g.	
Fig.	2.1B-E).		
	 To	determine	the	percentages	of	ectopic	taste	buds	co-expressing	specific	
molecular	markers,	a	subset	of	15	ectopic	taste	buds	was	randomly	selected	from	the	
total	enumerated	taste	buds	per	mouse	tongue	using	the	“Rand(	)”	function	in	Excel	and	
taste	buds	immunoreactive	for	each	marker	were	counted,	e.g.	K8	and	KCNQ1	(Data	
Table	S1).	The	number	and	proportion	of	ectopic	and	endogenous	taste	bud	profiles	
housing	all	3	taste	cell	types	were	determined	in	a	randomly	selected	subset	of	taste	
buds	identified	with	a	Type	III	cell	marker	(Data	Table	S1).	
	 The	size	and	innervation	density	of	endogenous	and	ectopic	taste	buds	was	
quantified	in	tissue	double-immunostained	with	rabbit	anti-PGP9.5	(Alexa	647	
secondary)	and	rat	anti-K8	(Alexa	547	secondary).	For	each	mouse	tongue,	subsets	of	
15	ectopic	and	10	endogenous	taste	buds	were	randomly	selected	from	the	total	tallied	
taste	buds	per	mouse	tongue	as	described	above	(Data	Table	S2).	Confocal	images	of	
each	taste	bud	were	obtained	as	a	Z-stack	of	0.76	μm	optical	sections	acquired	
sequentially	in	the	red	(K8)	and	long	red	(PGP9.5)	channels	using	a	Leica	TCS	SP5	II	
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confocal	microscope	and	LASAF	software.	Z-stacks	were	subjected	to	MATLAB	
(Mathworks)	analysis,	which	we	developed	to	quantify	the	innervation	density	of	taste	
buds.	This	analysis	included:	(Step	1)	For	each	taste	bud	Z-stack,	a	K8+	taste	bud	
(endogenous	or	ectopic)	was	outlined	in	the	red	channel	and	defined	as	the	region-of-
interest	(ROI).	(Step	2)	PGP9.5+	nerve	fiber	density	within	a	taste	bud	ROI	(long	red	
channel)	was	quantified	in	each	optical	section	of	the	Z	stack.	(Step	3)	The	total	PGP9.5+	
pixels	per	taste	bud	ROI	(intragemmal	innervation)	was	determined	using	a	MATLAB	
script,	which	summed	PGP9.5+	pixels	in	the	taste	bud	ROI	across	all	optical	sections	of	
the	Z-stack.	To	correct	for	background	fluorescence,	mean	fluorescence	intensity	of	a	
user-designated	ROI	drawn	in	a	PGP9.5-	or	K8-immunonegative	region	of	the	tissue	was	
subtracted	from	each	optical	section	of	a	confocal	Z-stack.	The	MATLAB	script	then	
calculated	a	threshold	for	fluorescence	intensity	in	each	optical	section	using	Otsu’s	
method	(Otsu,	1979),	where	all	pixels	with	intensity	above	threshold	were	designated	
as	signal.	Only	PGP9.5+	pixels	that:	(a)	fell	within	the	K8+	taste	bud	ROI;	and	(b)	were	
clustered	in	groups	of	≥5	pixels	were	tallied	as	intragemmal	PGP9.5+	pixels.	
Importantly,	while	some	taste	cells	are	PGP9.5+	(Kanazawa	and	Yoshie,	1996),	these	
cells	were	rare	and	significantly	dimmer	than	nerve	fibers.	Therefore	MATLAB	
thresholding	eliminated	the	taste	cell	signal	(confirmed	via	double	label	with	K8,	data	
not	shown),	allowing	us	to	isolate	and	analyze	the	brighter	PGP9.5+	neurites.		
	 To	determine	PGP9.5+	fiber	density	in	epithelium	adjacent	to	taste	buds,	i.e.,	
perigemmal	innervation,	the	same	randomly	selected	taste	buds	as	above	were	used,	
and	PGP9.5+	pixels	were	counted	within	a	17.6	µm	wide	ring	of	cells	encircling	the	K8+	
taste	bud	ROI;	17.6	µm	is	the	mean	radius	of	the	ROI	for	endogenous	K8+	taste	buds	in	
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our	study.	To	quantify	taste	bud	size,	we	used	K8+	pixel	density	within	the	taste	bud	
ROI,	and	background	correction	was	automated	as	above.		
Categorization	of	ectopic	taste	bud	position	in	the	lingual	epithelium		
	 K8+	ectopic	taste	buds	were	assigned	to	categories	1,	2,	or	3,	based	on	the	
following	criteria:	Category	1:	situated	within	the	basal	layer	and/or	immediate	
suprabasal	layer	of	the	epithelium;	Category	2:	located	in	layers	between	the	two	most	
basal	layers	and	uppermost	two	layers;	or	Category	3:	found	in	the	uppermost	2	layers	
and/or	with	apical	processes	extending	into	the	uppermost	layers	or	lingual	surface.		
Statistics	
	 A	one-way	ANOVA	with	post	hoc	Tukey-Kramer	tests	was	used	to	compare	taste	
bud	number	and	size	across	groups.	To	compare	the	number	of	PGP9.5+	pixels	between	
endogenous	and	ectopic	buds,	the	non-parametric	Mann-Whitney	U-test	was	used,	as	
the	data	did	not	fit	a	normal	distribution.	Correlation	and	linear	regression	analyses	
were	used	to	compare	taste	bud	size	with	intragemmal	neurite	density.	A	two-tailed	
Student’s	t-test	was	used	to	compare	ectopic	and	endogenous	taste	bud	size.	
Significance	was	taken	as	P	<	0.05	with	a	confidence	interval	of	95%.	Data	are	
presented	as	mean	+	SEM.		
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	CHAPTER	III	
MAINTENANCE	AND	RENEWAL	OF	ADULT	TASTE	EPITHELIUM	DEPENDS	ON	
THE	COLLABORATION	OF	TWO	DISTINCT	SONIC	HEDGEHOG	SOURCES		
Abstract 
	 Taste	buds	are	multicellular	structures	responsible	for	transducing	chemical	
stimuli	to	the	brain	via	sensory	neurons.	Taste	bud	cells	are	continually	and	rapidly	
renewed,	yet	key	molecular	regulators	of	this	process	have	remained	elusive.	The	Sonic	
hedgehog	(Shh)	pathway	participates	in	maintenance	and	regeneration	of	diverse	adult	
tissues.	Shh	is	expressed	in	taste	precursor	cells	within	taste	buds,	and	we	have	shown	
that	in	mice,	Shh	promotes	differentiation	of	taste	cells	from	proliferating	progenitors	
located	outside	of	taste	buds.	Interestingly,	cancer	patients	treated	with	
chemotherapeutics	targeting	the	Hedgehog	(Hh)	pathway	often	suffer	taste	dysfunction,	
suggesting	that	Hh	is	required	for	taste	bud	renewal.	Here,	by	lineage	tracing	lingual	
progenitors	in	mice	treated	with	a	Hh	pathway	inhibitor	(HPI)	we	show	that	fewer	
progenitor-descendent	cells	enter	taste	buds,	resulting	in	fewer	and	smaller	taste	buds.	
Unexpectedly,	when	we	conditionally	deleted	Shh	in	progenitor	cells	and	subsequently	
in	taste	precursors	within	buds,	taste	bud	number	and	size	were	unaffected,	suggesting	
that	additional	sources	of	Shh	are	present	in	the	oral	cavity	that	might	support	taste	
buds.		Using	genetic	lineage	labeling	of	Shh+	cells,	we	found	robust	reporter	expression	
in	cells	of	the	VIIth	cranial	ganglion	(gVII),	which	house	gustatory	sensory	neurons,	and	
in	gustatory	innervation	in	the	tongue.	To	test	if	sensory	neurons	are	the	primary	
source	of	Shh	supporting	taste	cell	renewal,	we	used	both	a	conditional	genetic	
approach	and	adeno-associated	viral	Cre	delivery	to	delete	Shh	in	gVII	cells.	However,	
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deletion	of	neural	Shh	also	had	minimal	impact	on	taste	buds.	Only	when,	we	deleted	
both	epithelial	and	neural	Shh	concurrently	was	taste	bud	loss	comparable	to	that	seen	
with	HPI	treatment.	In	sum,	we	demonstrate	that	Shh	signaling	from	the	epithelium	and	
gustatory	innervation	function	redundantly	to	support	adult	taste	bud	differentiation	
and	that	the	requirement	of	innervation	for	mature	taste	bud	renewal	is	in	part	a	
neurally-derived	Shh	dependency.		
Introduction 
	 The	ability	to	taste	allows	us	to	discriminate	between	foods	rich	in	nutrients	–	
sweet,	salty	and	savory/umami	tastes,	and	potentially	dangerous	substances	–	bitter	or	
sour.	These	stimuli	are	detected	by	taste	buds,	the	functional	receptor	units	of	the	taste	
system,	located	on	the	tongue	within	specialized	epithelial	appendages	called	taste	
papillae.	On	the	anterior	tongue	of	rodents,	each	fungiform	taste	papilla	houses	a	single	
taste	bud,	and	these	lie	interspersed	among	the	abundant	non-taste	filiform	papillae	
that	cover	the	lingual	surface.	In	rodents,	each	taste	bud	contains	~60-100	taste	cells	
responsible	for	transducing	taste	stimuli	and	transmitting	taste	information	to	the	brain	
via	gustatory	sensory	neurons.		
	 In	rodents	the	innervation	of	the	anterior	two-thirds	of	the	tongue,	where	
fungiform	taste	buds	reside,	comprises	gustatory	axons	from	the	chorda	tympani	
branch	(CT)	of	the	VIIth	cranial	nerve	(nVII),	and	somatosensory	fibers	provided	by	the	
lingual	branch	(LN)	of	the	trigeminal	nerve	(nV).	The	cell	bodies	of	the	CT	populate	in	
the	geniculate	ganglion	(gVII),	while	the	LN	cell	bodies	lie	in	the	trigeminal	(Gasserian)	
ganglion	(gV).	Both	ganglia	project	fibers	centrally	to	discrete	nuclei	in	the	brainstem	
including	the	nucleus	of	the	solitary	tract	(NTS)	(Contreras	et	al.,	1982;	Sugimoto	et	al.,	
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1997;	Finger	and	Simon,	2000;	Krimm	and	Barlow,	2007;	Corson	et	al.,	2012).	
	 Taste	bud	cells	are	continually	renewed,	with	an	average	lifespan	of	10-14	days,	
but	with	significantly	shorter	and	longer	lived	populations	(Beidler	and	Smallman,	
1965;	Farbman,	1980;	Hamamichi	et	al.,	2006;	Perea-Martinez	et	al.,	2013).	Mitotically	
active	cells	adjacent	to	taste	buds	are	likely	the	progenitor	pool	that	gives	rise	to	taste	
cells.	The	current	paradigm	for	taste	bud	renewal	states	that	a	small	number	of	
progenitor	cells	outside	taste	buds	undergo	infrequent	asymmetric	divisions	in	order	to	
replenish	the	stem/progenitor	pool	and	to	generate	transit	amplifying	cells	(TA).	TA	
daughters	divide	to	generate	postmitotic	cells	that	enter	taste	buds	as	taste	precursors.	
Eventually	these	taste	precursors	differentiate	into	taste	receptor	cells	(Delay	et	al.,	
1986;	Hirota	et	al.,	2001;	Barlow	and	Klein,	2015).	Mitotically	active	cells	adjacent	to	
taste	buds	express	epithelial	markers	such	as	Keratin	14	(K14)	and	Keratin	5	(K5),	and	
by	genetic	lineage	tracing,	these	cells	have	been	shown	to	give	rise	to	both	taste	bud	
cells	and	non-taste	epithelium	(Okubo	et	al.,	2009).	Previous	studies	have	focused	
mostly	on	the	cellular	dynamics	of	this	turnover,	while	analyses	of	molecular	regulation	
of	this	process	are	limited.		
	 The	Sonic	hedgehog	(Shh)	signaling	pathway	has	been	implicated	as	a	cell	renewal	
and	stem	cell	maintenance	regulator	in	a	variety	epithelial	tissues	(Ingham	and	
McMahon,	2001;	Petrova	and	Joyner,	2014).	In	adult	mice,	Shh	is	expressed	by	type	IV	
cells	(Miura	et	al.,	2001;	Miura,	2003;	Miura	et	al.,	2004),	which	are	immediate	
postmitotic	precursors	for	all	taste	cell	types	within	buds	(Miura	et	al.,	2014).	By	
contrast,	the	Hh	receptor	Patched	1	(Ptch1)	and	target	gene	Gli1	are	expressed	by	K5+	
progenitor	cells	surrounding	each	bud	(Miura	et	al.,	2001),	suggesting	that	Shh	within	
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buds	signals	to	adjacent	progenitors	to	regulate	taste	bud	renewal.		Consistent	with	this	
hypothesis,	we	have	found	that	broad	misexpression	of	Shh	in	lingual	progenitors	
triggers	the	formation	of	ectopic	taste	buds,	which	suggests	that	Shh	promotes	taste	
bud	differentiation	(Castillo	et	al.,	2014).				
	 Normally	Hh	signaling	is	activated	by	ligand	binding	to	Ptch1,	relieving	
Smoothened	(Smo)	inhibition	and	Gli1/2	mediated	transcription	of	target	genes.	Hh	
signaling	is	also	implicated	in	numerous	cancers.	In	Hh	related	cancers	such	as	basal	
cell	carcinomas	and	medulloblastomas,	the	pathway	is	hyperactivated	due	to	mutations	
that	inactivate	Ptch1	or	activate	Smo	(Rubin	and	de	Sauvage,	2006;	Briscoe	and	
Thérond,	2013).	Based	on	this	evidence,	recent	efforts	have	been	directed	to	develop	
cancer	therapies	to	inhibit	the	Shh	pathway.	Interestingly,	over	40%	of	cancer	patients	
treated	with	chemotherapeutics	that	target	the	Shh	pathway	have	loss	or	alteration	of	
their	sense	of	taste,	leading	to	a	significantly	reduced	in	quality	of	life	(Ruo	Redda	and	
Allis,	2006;	Wismer,	2008;	Hong	et	al.,	2009;	LoRusso	et	al.,	2011;	Tang	et	al.,	2012;	
Basset-Seguin	et	al.,	2015).	As	these	drugs	do	not	cross	the	blood	brain	barrier	(Zhang	
et	al.,	2009),	these	observations	suggest	that	inhibition	of	Shh	signaling	in	adult	taste	
epithelium	negatively	affects	taste	bud	renewal.	This	interpretation	has	been	borne	out	
recently	in	mice,	as	treatment	with	hedgehog	pathway	inhibitors	(HPIs)	results	in	loss	
of	taste	buds	and	taste	nerve	responses	(Kumari	et	al.,	2015;	Yang	et	al.,	2015).	This	
could	be	due	to	blocking	progenitor	proliferation	and/or	preventing	taste	cell	
differentiation.			
	 In	this	study,	we	test	the	hypothesis	that	Shh	is	required	for	differentiation	of	
adult	taste	bud	cells.	Using	an	HPI	(Yauch	et	al.,	2008),	coupled	with	genetic	lineage	
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tracing	of	taste	progenitors,	we	first	show	impaired	input	of	new	taste	cells	to	taste	
buds	in	drug-treated	mice.	Unexpectedly,	we	found	that	genetic	deletion	of	Shh	in	taste	
bud	precursor	cells,	thought	to	be	the	only	lingual	source	of	Hh	ligand	relevant	to	taste	
bud	maintenance,	did	not	phenocopy	the	HPI	effect	on	taste	buds.	Using	indelible	fate	
mapping	to	lineage	trace	Shh-expressing	cells,	we	discovered	that	sensory	nerve	fibers	
innervating	the	tongue	represent	another	Shh	source.	However,	genetic	deletion	of	Shh	
in	gVII	neurons	via	tamoxifen-dependent	Cre	induction	or	retrograde	Adeno-Associated	
Virus	5	(AAV5-Cre)	Cre	delivery	also	had	only	a	mild	impact	on	taste	bud	and	renewal.	
Remarkably,	by	a	combinatorial	Shh	deletion	approach	we	demonstrate	that	taste	
epithelium	and	innervation	function	redundantly	to	maintain	taste	bud	renewal.	We	
conclude	that	together,	epithelial	and	nerve-derived	Shh	maintain	adult	taste	
differentiation	and	homeostasis	in	the	anterior	tongue.	
Results	
Pharmacological	inhibition	of	Hh	signaling	reduces	addition	of	newly	differentiated	
taste	cells	in	fungiform	taste	buds	
	 Patients	suffering	from	basal	cell	carcinoma	due	to	Hh	signaling	dysregulation	
who	are	treated	with	HPIs	are	prone	to	taste	dysfunction	or	dysgeusia	(Tang	et	al.,	
2012).	In	addition,	misexpression	of	Shh	in	K5/K14+	progenitors	in	the	adult	mouse	
tongue	induces	ectopic	taste	buds,	suggesting	Shh	has	a	pro-differentiation	role	in	
mammalian	taste	buds	(Castillo	et	al.,	2014).	To	investigate	if	Hh	signaling	is	required	
for	adult	taste	bud	maintenance	and	renewal,	we	inhibited	the	pathway	by	treating	
adult mice	with	HhAntag,	an	HPI	that	binds	to	Smo	and	inhibits	activation	of	
downstream	Hh	target	genes	(Yauch	et	al.,	2008).	HhAntag	or	vehicle	was	administered	
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twice	daily	via	oral	gavage	for	21	consecutive	days	(Fig.	3.1A).	To	analyzed	the	number	
and	size	of	fungiform	taste	buds,	we	performed	Keratin	(K)	8	immunohistochemistry	to	
mark	all	mature	taste	cells	(Fig.	3.1E,	H)	(Knapp	et	al.,	1995).	By	21	days,	the	number	of	
typical	fungiform	papillae	and	taste	buds	(referred	to	as	“typical	FF”)	(see	Fig.	3.1E)	are	
significantly	decreased	in	HhAntag	treated	mice	compared	to	vehicle	treated	controls	
(Fig.	3.1B).	HhAntag	disrupted	the	morphology	of	both	fungiform	papillae	and	taste	
buds,	causing	formation	of	significantly	more	atypical	conical	papillae	housing	slender	
taste	buds	(referred	to	as	“atypical	FF”)	(Fig.	3.1C,	see	H).	Finally,	following	Hh	
inhibition,	taste	bud	size	was	significantly	reduced	compared	to	taste	buds	in	vehicle	
treated	controls	(Fig.	3.1D).	Our	findings	are	consistent	with	a	previous	report	using	
another	HPI,	LDE225	(Kumari	et	al.,	2015),	which	likewise	resulted	in	fewer	and	
smaller	taste	buds	within	a	span	of	16-28	days.			
	 Taste	bud	loss	could	be	due	to	HhAntag	inhibition	of	taste	cell	differentiation	
and/or	progenitor	proliferation.	To	determine	if	HhAntag	blocks	differentiation	of	new	
taste	bud	cells,	we	first	examined	whether	input	of	new	cells	into	taste	buds	from	
adjacent	progenitors	is	diminished	by	Hh	signaling	inhibition.	To	test	this	hypothesis,	
we	lineage	traced	K5+	progenitor	cells	using	a	doxycycline	(dox)-inducible	genetic	
system	to	induce	constitutive	expression	of	YFP	in	K5+	cells	and	their	progeny	
(K5/YFP).	Adult	Krt5rtTA;tetOCre;R26RYFP mice	were	treated	with	HhAntag	or	vehicle	for	
7	days,	fed	dox-supplemented	chow	overnight	on	the	7th	day	to	generate	a	pulse	of	
lineage	labeling,	and	treated	with	HhAntag	or	vehicle	for	another	14	days	(Fig.	3.1A).	
Mice	receiving	vehicle	and	dox	chow	had	normal	taste	buds	and	fungiform	papillae	with	
well-defined	mesenchymal	cores	(Fig.	3.1E);	lineage	labeling	of	progenitor	cells	
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revealed	robust	YFP	reporter	expression	in	taste	buds	and	FF	papilla	epithelium,	as	
expected	(Fig.	3.1E-G,	K).	In	contrast,	mice	treated	with	HhAntag	had	smaller	and	
narrower	taste	buds,	papillae	and	mesenchymal	cores	as	in	Fig.	3.1B-D,	as	well	as	
significantly	fewer	YFP+	cells	in	buds	and	FF	papilla	epithelium	(Fig.	3.1H-J,	K).		
	 To	assess	if	progenitor	proliferation	is	affected	by	Hh	signaling	inhibition,	we	used	
Ki67	immunostaining	to	detect	actively	cycling	cells.	In	control	animals,	Ki67+	
progenitors	occur	throughout	the	basal	layer	of	the	lingual	epithelium	and	surrounding	
taste	buds	(Fig.	3.2A);	HhAntag	treatment	did	not	appear	to	disturb	the	pattern	of	
proliferation	in	the	tongue	(Fig.	3.2B).	To	more	carefully	compare	proliferation	in	
tongues	of	control	versus	HhAntag	treated	mice,	the	area	of	lingual	epithelium	occupied	
by	Ki67	immunostaining	was	quantified	in	whole	tongue	sections	from	4	different	
regions	of	the	anterior	tongue	(Fig.	3.2C,	see	Materials	and	methods;	Figs.	3.2D,	D’,	see	
Materials	and	methods).	This	analysis	indicated	that	lingual	progenitors	in	vehicle	and	
HhAntag	mice	have	similar	Ki67+	proliferative	activity	(Fig.	3.2E-H).	In	sum,	these	data	
suggest	that	blocking	the	Hh	pathway	disrupts	taste	bud	renewal	by	decreasing	the	
influx	of	new	cells	into	taste	buds,	and	thus	older	taste	bud	cells	that	are	lost	by	natural	
attrition	are	not	replaced.	However,	we	cannot	rule	out	that	HhAntag	may	also	
somewhat	slow	down	progenitor	proliferation	underlying	taste	bud	cell	renewal.	
Genetic	loss	of	Shh	in	K5+	epithelial	progenitors	and	their	progeny	does	not	impact	taste	
bud	number	or	size	
	 To	validate	Shh	involvement	in	adult	taste	bud	differentiation,	we	explored	the	
Shh	requirement	for	taste	bud	renewal	by	genetically	ablating	Shh	in	K5+	progenitors.	
K5+	cells	in	the	adult	tongue	differentiate	into	epithelial	keratinocytes	or	taste	receptor	
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Figure	3.1.	Mice	treated	with	HhAntag	for	21	days	have	fewer	and	smaller	taste	
buds	due	to	loss	of	entry	of	new	taste	cells.		
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Figure	3.1.	Mice	treated	with	HhAntag	for	21	days	have	fewer	and	smaller	taste	
buds	due	to	loss	of	entry	of	new	taste	cells.		
(A)	Experimental	design	for	treatment	of	Krt5rtTA;tetOCre;R26RYFP	mice	with	vehicle	or	
HhAntag.	Vehicle	or	HhAntag	was	administered	twice	daily	(blue	arrows)	for	21	days	
and	K5+	cells	lineage	traced	by	dox	induction	overnight	at	7th	day.	(B,	C)	Compared	to	
vehicle	treated	mice,	Shh	pathway	inhibition	results	in	a	decrease	in	the	number	of	K8+	
typical	FF	(B)	and	an	increase	in	atypical	K8+	FF	(C).	(D)	After	21	days	of	HhAntag	
treatment,	taste	bud	width	is	reduced.	(E-J)	Taste	buds	of	control	mice	have	robust	K8+	
cells	(red)	and	many	K5-YFP+	progeny	(green)	have	entered	buds	(E-G).	Taste	buds	in	
HhAntag-treated	mice	have	fewer	K8+	taste	cells	(red),	and	K5-YFP+	lineage-traced	cells	
(green),	as	well	as	a	distorted	morphology	(H-J).	(K)	HhAntag	treatment	results	in	
significantly	fewer	K5-descendent	YFP+	cells	inside	taste	buds	and	taste	papilla	
epithelium.	Nuclei	are	counterstained	with	Draq5	(blue);	white	dashed	lines	delimit	the	
basement	membrane;	mc=	mesenchymal	core.	E-J	represent	confocal	compressed	z-
stacks.	Scale	bars=10	μm.	N=3-4	mice	per	condition;	n=40	taste	buds	for	vehicle	or	19	
for	HhAntag.	Data	are	represented	as	mean	±	SD.	Student’s	t-test;	*P<0.05,	**P<0.01,	
****P<0.0001.		
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Figure	3.2.	HhAntag	does	not	significantly	reduce	proliferation	in	lingual	
epithelium.		
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Figure	3.2.	HhAntag	does	not	significantly	reduce	proliferation	in	lingual	
epithelium.		
(A,	B)	Proliferation	of	basally	located	epithelial	cells	assessed	by	Ki67	immunoreactivty	
(red)	is	comparable	between	vehicle	and	HhAntag	treated	mice.	(C)	Cross-sections	from	
4	different	regions	of	the	anterior	1.5	mm	of	the	tongue	were	selected	for	quantification	
of	total	epithelial	Ki67+	area.	(D)	A	representative	tongue	cross-section	is	assembled	
from	scans	of	a	series	of	20x	images.	Ki67+	cells	where	selected	by	thresholding	and	
their	corresponding	area	quantified	(yellow).	(D’)	Gray	scale	image	of	D	showing	the	
quantified	Ki67+	area	(white).	(E-H)	Quantification	of	Ki67+	epithelial	area	in	each	of	
the	4	selected	regions	of	the	tongue	reveals	no	difference	between	vehicle	and	HhAntag	
treated	mice.	Nuclei	are	counterstained	with	Draq5	(blue);	white	dashed	lines	delimit	
the	basement	membrane;	mc=	mesenchymal	core.	A	and	B	are	confocal	compressed	z-
stacks;	D	and	D’	are	scanned	best	focus	sections.	A	and	B	scale	bars=50	μm;	D’	scale	
bar=1	mm.	N=4-5	mice	per	condition.	Data	are	represented	as	mean	±	SD.	Student’s	t-
test.	
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cells	depending	on	their	location	within	the	lingual	epithelium.	Perigemmal	K5+	
progenitor	daughter	cells	enter	taste	buds	12-24	hours	after	their	final	mitosis	and	give	
rise	to	intragemmal	postmitotic	taste	precursor	cells	that	express	Shh	within	12	hours	
of	their	last	division	(Miura	et	al.,	2006;	Nguyen	and	Barlow,	2010;	Miura	et	al.,	2014).		
	 Accordingly,	we	knocked	out	Shh	in	K5+	progenitors	and	their	progeny	by	
continuous	dox	chow	induction	of	Krt5rtTA;tetOCre;Shhflox/flox	mice	(K5-ShhcKO)	for	14,	21	
or	42	days	(Fig.	3.3A,	B).	We	first	verified	the	efficiency	of	our	Shh	null	system	by	in	situ	
hybridization.	As	expected,	genetic	control	mice	(i.e.	Krt5+/+;tetOCre;Shhflox/flox	mice	fed	
dox	chow)	expressed	Shh	in	basally	located	bud	cells	as	expected	(Fig.	3.3C),	and	in	12	
μm	tissue	sections	examined	at	42	days	of	induction,	58%	of	typical	FF	profiles	(see	Fig.	
3.3F)	contain	Shh+	cells	(Fig.	3.3E).	In	K5-ShhcKO	mice,	by	contrast,	only	11%	of	typical	
FF	taste	bud	profiles	express	Shh	(Fig.	3.3D,	E).	In	both	control	and	mutant	mice,	
atypical	FF	do	not	express	Shh	mRNA	(data	not	shown).		
	 Next	we	used	antisera	against	the	taste	cell	marker	K8	(see	Fig.	3.3F,	G)	to	
compare	taste	bud	number	and	size	in	K5-ShhcKO	versus	control	mice.	Unexpectedly,	
there	was	no	difference	in	the	number	of	typical	or	atypical	FF	between	control	and	K5-
ShhcKO	mice,	even	after	42	day	of	continuous	dox	induction	(Fig.	3.3H,	I).	Atypical	FF	
papillae	were	slightly	more	common	in	mutants,	but	this	difference	was	not	significant	
(Fig.	3.3I).	Additionally,	taste	bud	size	was	not	altered	by	epithelial	deletion	of	Shh	in	
K5-ShhcKO	mice	(Fig.	3.3J).		
	 Thus,	Shh	loss-of-function	in	tongue	epithelial	cells	has	no	significant	effect	on	
taste	buds,	despite	the	robust	effect	of	HhAntag	on	taste	bud	homeostasis.	These	results	
pose	an	interesting	question:	why	does	genetic	loss	of	Shh	not	phenocopy	inhibition	by	
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HhAntag?	One	explanation	is	that	previously	unappreciated	Hh	source(s)	are	present	in	
the	tongue	that	compensate	for	the	loss	of	Shh	in	the	taste	epithelium.	
Neurons	from	trigeminal	and	chorda	tympani	ganglia,	as	well	as	their	nerve	fibers	are	
novel	Shh	sources	associated	with	the	anterior	tongue		
	 To	date,	Shh	expressed	by	intragemmal	taste	precursor	cells	represents	the	sole	
demonstrated	source	of	Hh	ligand	in	the	tongue.	Nonetheless,	based	on	the	lack	of	
phenotype	seen	in	K5-ShhcKO	mice,	we	used	genetic	lineage	tracing	to	seek	any	
additional	lingual	sources	of	Shh.	ShhCreERT2/+;R26RtdTomato	mice	(Shh-tdTomato)	were	
given	4	daily	doses	of	tamoxifen,	and	tongues	examined	for	tdTomato	expression	at	10,	
60	or	85	days	(Fig.	3.4A).	At	10	days	post-tamoxifen	induction,	tdTomato	expression	
was	restricted	to	taste	bud	cells	(Fig.	3.4B,	arrowheads);	this	pattern	was	expected	as	
Shh+	cells	differentiate	into	mature	taste	receptor	cells	(Miura	et	al.,	2014),	which	
persist	in	taste	buds	an	average	of	10-14	days	(Beidler	and	Smallman,	1965;	Farbman,	
1980).	However,	after	60	and	85	days,	while	tdTomato	was	still	apparent	within	FF	(Fig.	
3.4C,	D,	arrowheads),	dimmer	thread-like	tdTomato	signal	appeared,	and	was	
connected	to	brighter	tdTomato+	FF	(Fig.	3.4C,	D,	arrows),	a	pattern	suggestive	of	
innervation	(Lopez	and	Krimm,	2006).		
	 The	anterior	two-thirds	of	the	tongue	are	innervated	by	somatosensory	nerve	
fibers	from	nV	and	gustatory	neurites	from	nVII	(Krimm	and	Barlow,	2007).	To	assess	if	
the	dimmer	tdTomato+	fibers	seen	in	intact	tongues	were	afferent	nerve	fibers,	we	
examined	gV	and	gVII	of	Shh-tdTomato	mice.	At	10	days,	Shh-tdTomato+	neurons	were	
detected	in	both	cranial	ganglia	(Fig.	3.4E,	H).		
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Figure	3.3.	Conditional	genetic	deletion	of	Shh	in	epithelial	K5+	progenitor	cells	
suggests	that	epithelial	Shh	is	not	required	for	taste	bud	differentiation	and	
renewal.		
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Figure	3.3.	Conditional	genetic	deletion	of	Shh	in	epithelial	K5+	progenitor	cells	
suggests	that	epithelial	Shh	is	not	required	for	taste	bud	differentiation	and	
renewal.		
(A)	Experimental	design	for	treatment	of	Krt5rtTA;tetOCre;Shhflox/flox	(K5-ShhcKO)	mice	
fed	dox	chow	continuously	for	14,	21	or	42	days.	(B)	Postmitotic	Shh+	taste	precursor	
cells	are	renewed	by	K5+	progenitors	and	give	rise	to	all	taste	cells.	Deleting	Shh	in	K5	
progenitors	and	their	progeny	results	in	Shh	deletion	in	taste	precursors.	(C-E)	Anterior	
tongue	sections	probed	for	Shh	by	in	situ	hybridization	show	Shh	expression	in	basal	
cells	within	the	majority	of	control	taste	bud	profiles	(C)	while	Shh	expression	is	absent	
in	almost	all	mutant	taste	buds	(D,	E).	(F,	G)	Both	typical	(F)	and	atypical	(G)	FF	taste	
buds	are	present	in	controls	and	mutants.	Cross	sections	show	K8+	(red)	FF	taste	buds	
of	both	types.	(H,	I)	The	number	of	K8+	typical	FF	(H)	and	atypical	FF	(I)	do	not	differ	
between	control	and	K5-ShhcKO	mice	at	14,	21	and	42	days	of	dox	induction.	(J)	
Epithelial	loss	of	Shh	in	K5-ShhcKO	mice	has	no	effect	on	taste	bud	width.	Nuclei	are	
counterstained	with	Draq5	(blue)(F,	G);	black	or	white	dashed	lines	delimit	the	
basement	membrane	(C,D,F,	G);	white	solid	lines	delimit	the	epithelial	surface	(F,	G);	
black	circle	demarks	taste	buds	(C,	D);	mc=	mesenchymal	core.	C	and	D	are	differential	
interference	contrast	(DIC)	bright	field	images;	F	and	G	are	confocal	compressed	z-
stacks.	C	and	D	scale	bars=25	μm;	F	and	G	scale	bars=10	μm.	N=3	mice	per	condition;	
n=30	taste	buds	per	condition.	Data	are	represented	as	mean	±	SD.	Student’s	t-test;	
***P<0.001,	****P<0.0001.		
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At	60	days,	there	was	a	marked	increase	in	Shh-tdTomato+	neurons	in	both	gV	and	gVII	
(Fig.	3.4F,	I),	which	appeared	to	plateau	at	85	days	(Fig.	3.4G,	J).	
	 We	next	examined	tissue	sections	of	the	tongues	of	Shh-tdtTomato	mice	at	60	
days,	and	observed	tdTomato+	fibers	in	the	FF	that	resembled	the	distribution	of	FF	
innervation	(Castillo	et	al.,	2014).	These	fibers	ascended	into	taste	buds	where	
occasional	persistent	Shh-descendent	taste	cells	were	also	present	(Fig.	3.4L,	O	yellow	
arrows).	Using	PGP9.5	(UCHL1),	a	general	marker	of	somatosensory	and	gustatory	
nerve	fibers	(Kanazawa	and	Yoshie,	1996),	we	found	that	tdTomato+	fibers	were	co-
labeled	with	PGP9.5	and	were	indeed	neurites	(Fig.	3.4K).	Although	both	gV	and	gVII	
possess	Shh-lineage	traced	cells,	Shh-tdTomato+	fibers	appeared	to	innervate	taste	buds	
and	not	the	surrounding	FF	epithelium,	consistent	with	the	intragemmal	gustatory	
innervation	of	taste	bud	by	gVII	and	not	perigemmal	somatosensory	fibers	of	gV	
(Kanazawa	and	Yoshie,	1996;	Finger	and	Simon,	2000;	Finger	et	al.,	2005;	Castillo	et	al.,	
2014)(Fig.	3.4L,	O,	yellow	arrowheads).	Although	Shh-tdTomato+	nerves	were	PGP9.5+	
(Fig.	3.4M-M’’’,	cyan	arrowheads),	not	all	PGP9.5+	nerves	were	Shh-tdTomato+.	Because	
Shh-tdTomato+	innervation	did	not	deviate	from	taste	buds,	we	hypothesized	that	Shh-
tdTomato+	fibers	were	therefore	gustatory	nerves.	Using	antiserum	against	the	
purinergic	receptor	P2X2	(P2RX2),	present	in	most	taste	fibers	(Finger	et	al.,	2005)	
(Fig.	3.4N),	we	found	extensive	colocalization	of	P2X2	in	Shh-tdTomato+	nerve	fibers	
(Fig.	3.4P-P’’’,	cyan	arrowheads).	
	 These	results	indicate	that	Shh	is	expressed	by	neurons	of	the	geniculate	ganglion,	
and	suggest	that	gustatory	nerve-derived	Shh	may	be	a	novel	regulator	of	taste	bud	
maintenance.		
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Conditional	genetic	loss	of	Shh	in	Shh+	cells	perturbs	fungiform	papillae	and	taste	buds	
	 Given	that	epithelial	deletion	of	Shh	has	little	effect	on	taste	buds,	and	gustatory	
sensory	neurons	express	Shh,	we	hypothesized	that	Shh	supplied	by	the	gustatory	
innervation	supports	adult	taste	bud	renewal.	HPIs	would	block	receipt	of	either	source	
of	Shh,	thus	explaining	the	discrepancy	between	our	K5-ShhcKO	results	(Fig.	3.2)	and	
the	impact	of	the	drug	(Fig.	3.1)	(Kumari	et	al.,	2015;	Yang	et	al.,	2015).	To	test	the	
requirement	for	nerve-derived	Shh	in	taste	bud	renewal,	we	first	deleted	Shh	from	Shh+	
cells	by	tamoxifen	induction	using	ShhCreERT2/flox;R26RtdTomato	mice	(Shh-ShhcKO),	and	
assessed	the	impact	on	taste	buds	at	35	days	(Fig.	3.5A).	Using	this	model,	we	
genetically	delete	Shh	in	all	Shh	producing	cells,	and	do	so	permanently	in	postmitotic	
and	non-renewing	cells;	however	since	Shh+	taste	precursor	cells	(type	IV	cells)	are	
constantly	renewed	in	tongue	epithelium,	we	presume	that	Shh	expression	will	only	be	
lost	transiently	from	taste	epithelium,	as	Shh+	precursors	will	be	restored	from	
unaffected	K5+	progenitors	early	on	(Fig.	3.5B).		
	 In	the	absence	of	CreER	activation,	tdTomato	expression	is	likewise	absent,	
verifying	that	in	control	mice	(Shh+/flox;R26RtdTomato),	Shh	is	not	deleted		in	the	tongue	
nor	the	geniculate	ganglia	(Fig.	3.5C,	D,	respectively).	Expression	of	tdTomato	in	Shh	
loss-of-function	mice	confirmed	CreER	activation,	and	therefore	Shh	deletion,	in	non-
renewing	geniculate	ganglia	neurons	and	associated	fibers	(Fig.	3.5E,	F),	while	
tdTomato	expression	was	generally	absent	in	taste	buds	(data	not	shown),	reflecting	
the	continual	replacement	of	normally	Shh+	cells	from	K5+	progenitors	in	which	Shh	had	
not	been	deleted.	Thus,	in	this	genetic	manipulation,	a	persistent	loss	of	Shh	is	induced	
primarily	in	postmitotic	sensory	neurons.	
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Figure	3.4.	Ganglion	cells	and	afferent	nerve	fibers	innervating	the	anterior	
tongue	express	Shh-Tomato.		
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Figure	3.4.	Ganglion	cells	and	afferent	nerve	fibers	innervating	the	anterior	
tongue	express	Shh-Tomato.		
(A)	Experimental	design	for	induction	of	CreER	in	ShhCreERT2;R26RtdTomato		(Shh-
tdTomato)	mice	with	tamoxifen	once	daily	(red	arrows)	for	4	days	and	tracing	for	10,	
60	or	85	days.	(B-D)	After	induction,	Shh-tdTomato+	cells	(red)	are	found	in	fungiform	
taste	papillae	at	all	time	points	(white	arrowheads),	and	at	60	and	85	days	(C,	D,	
respectively)	filament-like	labeling	(white	arrows)	are	associated	with	taste	papillae	
(white	arrowheads).	(E-J)	Sensory	neurons	in	cranial	nerve	ganglia	V	and	VII,	which	
innervate	the	anterior	tongue,	express	Tomato	at	all	3	time	points.	(K-M’’’)	At	60	days	
post	-tamoxifen	PGP9.5	(white	in	K;	green	in	M)	nerve	fibers	innervate	taste	buds	and	
surrounding	epithelium	while	Shh-tdTomato+/PGP9.5+	neurites	(white	in	L;	red	in	M)	
PGP9.5+	exclusively	innervate	taste	buds	(yellow	and	cyan	arrowheads).	(N-P’’’)	P2X2+	
(white	in	N;	green	in	P)	taste	fibers	express	Shh-tdTomato	(white	in	O;	red	in	P)	(yellow	
and	cyan	arrowheads).	As	expected,	inducible	lineage	labeling	of	Shh+	cells	marks	a	
small	number	of	persistent	taste	cells	(yellow	arrows).	Nuclei	are	counterstained	with	
Draq5	(blue).	B-J	are	fluorescent	whole	mounts;	K-P’’’	are	confocal	compressed	z-stacks.	
B-D	scale	bars=1	mm;	E-J	scale	bars=150	μm;	K-P’’’	scale	bars=10	μm.		
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	 To	determine	if	taste	buds	were	affected	in	Shh-ShhcKO	mice,	we	quantified	the	
number	and	size	of	K8+	typical	and	atypical	FF	taste	buds	(Fig.	3.5G,	H,	respectively).		
Surprisingly,	the	number	of	typical	FF	taste	buds	did	not	differ	in	mutants	versus	
controls	(Fig.	3.5I),	although	the	number	of	atypical	FF	was	significantly	increased	in	
mutants	(Fig.	3.5J).	Furthermore,	we	found	a	significant	reduction	in	bud	size	by	35	
days	from	first	tamoxifen	gavage	(Fig.	3.5K).	Nonetheless,	the	impact	of	Shh-ShhcKO	on	
taste	bud	maintenance	was	substantially	less	severe	than	that	seen	following	HhAntag	
treatment.		
	 Numerous	studies	have	demonstrated	the	requirement	of	gustatory	innervation	
for	the	maintenance	of	adult	taste	buds	(Cheal	and	Oakley,	1977;	Sloan	et	al.,	1983;	
Guagliardo	and	Hill,	2007).	Additionally,	in	the	central	and	peripheral	nervous	system	
Hh	signaling	aids	neuron	survival	and	regeneration	in	injury	models	(Akazawa	et	al.,	
2004;	Martinez	et	al.,	2015).	Hence,	we	asked	if	autocrine	Shh	within	the	cranial	ganglia	
might	be	required	for	the	maintenance	of	taste	innervation	and	if	so,	loss	of	Shh	would	
indirectly	affect	taste	buds.	However,	P2X2+	nerve	fibers	contacted	taste	buds	in	
comparable	percentages	in	control	and	Shh-ShhcKO	mutant	mice	(data	not	shown).	
Thus,	deletion	of	Shh	in	Shh+	gustatory	neurons	does	not	impair	gustatory	innervation.	
In	sum,	deletion	of	Shh	in	postmitotic	and	non-renewing	cells,	including	gVII	neurons,	
has	a	minimal	impact	on	fungiform	papillae	and	taste	buds,	and	on	gustatory	
innervation.	
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Figure	3.5.	Deletion	of	Shh	in	Shh+	cells,	including	gustatory	neurons,	minimally	
alters	taste	bud	differentiation	and	renewal.		
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Figure	3.5.	Deletion	of	Shh	in	Shh+	cells,	including	gustatory	neurons,	minimally	
alters	taste	bud	differentiation	and	renewal.		
(A)	Shh	loss-of-function	paradigm.	(B)	In	ShhCreERT2/flox;R26RtdTomato	(Shh-ShhcKO)	mice	
treated	with	tamoxifen,	Shh	is	deleted	permanently	from	ganglion	cells	and	nerves,	but	
is	only	transiently	deleted	from	gustatory	epithelia	since	type	IV	cells	generated	after	
the	cessation	of	tamoxifen	will	be	competent	to	produce	Shh.	(C-F)	Images	of	intact	
tongues	and	geniculate	ganglia	(gVII)	from	genetic	control	mice	are	tdTomato-negative	
(C,	D),	while	tdTomato	expression	in	mutant	mice	reports	Shh	deletion	in	the	tongue	
and	ganglia	(E,	F).	(G)	Cross	section	of	a	typical	FF	taste	bud	in	a	control	mouse	(K8,	
green).	(H)	An	atypical	FF	taste	bud	in	Shh-ShhcKO	mouse	in	which	Shh	has	been	
deleted	in	nerve	fibers	(K8,	green;	tdTomato,	red;	taste	cell,	yellow	arrow).	(I,	J)	Four	
weeks	following	tamoxifen	induction	the	number	of	typical	FF	taste	buds	does	not	
differ	between	mutants	and	controls	(I),	however	the	number	of	atypical	FF	buds	has	
significantly	increased	compared	to	controls	(J).	(K)	In	Shh-ShhcKO	mice	taste	bud	
width	is	significantly	reduced.	Nuclei	are	counterstained	with	Draq5	(blue);	white	
dashed	lines	delimit	the	basement	membrane	(G,	H);	white	solid	lines	delimit	the	
epithelial	surface	(G,	H).	C-F	are	fluorescent	whole	mounts;	G	and	H	are	confocal	
compressed	z-stacks.	C	and	E	scale	bars=1	mm;	D	and	F	scale	bars=150	μm;	G	and	H	
scale	bars=10	μm.	N=3-5	mice	per	condition.	Data	are	represented	as	mean	±	SD.	
Student’s	t-test;	***P<0.001.		
	
	 80	
Deletion	of	nerve-derived	Shh	does	not	alter	fungiform	taste	bud	number	or	size	
	 To	better	restrict	Shh	deletion	to	gustatory	neurons	innervating	taste	buds,	we	
developed	a	stereotaxic	injection	method	to	deliver	a	retrogradely	transportable	virus	
encoding	Cre	recombinase	to	the	central	synaptic	target	of	the	gustatory	fibers,	the	
nucleus	of	the	solitary	tract	(NTS)	in	the	brainstem	(Fig.	3.6A).	Using	this	method,	virus	
would	be	taken	up	by	gustatory	afferents	and	transported	retrogradely	from	the	
brainstem	to	gustatory	neuron	cell	bodies	within	gVII,	where	Cre	would	excise	
sequence	flanked	by	loxp	sites.	To	validate	this	approach,	we	injected	Adeno-Associated	
Virus	5	(AAV5)	into	the	right	and	left	NTS	of	R26RtdTomato	mice	and	then	examined	
brains,	cranial	ganglia	and	tongues	at	14,	35	and	60	days.	tdTomato	expression	was	
evident	in	the	brainstem	regions	housing	the	NTS	at	all	time	points	(Fig.	3.6D,	E	and	
data	not	shown).	In	brain	sections,	AAV5-Cre	injection	resulted	in	significant	activation	
of	the	tdTomato	reporter,	including	in	the	region	innervated	by	the	gustatory	afferents,	
identified	via	P2X2+	immunostaining	(Fig.	3.6F-H).			
	 Cell	bodies	in	the	VIIth	cranial	ganglia	and	gustatory	nerve	fibers	innervating	taste	
buds	also	were	tdTomato+	at	all	time	points	post-injection,	although	the	intensity	of	
tdTomato	expression	appeared	to	increase	significantly	at	35	days	compared	to	14	
days,	but	was	comparable	between	35	and	60	days	(Fig.	3.6K,	L).	Thus,	as	expected,	
AAV5-Cre	injected	into	the	NTS	was	retrogradely	transported	via	gustatory	nerve	roots	
to	cell	bodies	in	the	ganglion	where	Cre	activated	the	tdTomato	reporter	allele.		
Subsequently,	tdTomato	was	evident	in	the	peripheral	fibers	of	gustatory	neurons	of	
the	geniculate	ganglion	(Fig.	3.6I-J,	arrows).	Importantly,	injection	of	the	NTS	with	
AAV5-Cre	did	not	result	in	labeling	of	cells	within	taste	buds,	and	therefore	neither	Cre-
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recombinase	nor	tdTomato	protein	is	transferred	from	sensory	fibers	to	taste	cells,	nor	
does	AAV5-Cre	virus	infect	intragemmal	cells	innervated	by	tdTomato+	gustatory	fibers.	
To	test	specifically	the	role	of	neurally	supplied	Shh,	the	NTS	of	
ShhCreERT2/flox;R26RtdTomato	mice	(AAV-ShhcKO)	was	injected	bilaterally	with	AAV5-Cre	
and	tissues	harvested	35	days	later	(Fig.	3.6B).	In	this	case,	neural	deletion	of	Shh	is	
accomplished	by	viral	Cre	delivery	(Fig.	3.6C);	mice	are	not	treated	with	tamoxifen	and	
the	ShhCreERT2	allele	simply	functions	as	a	null	allele	(Harfe	et	al.,	2004).	In	both	AAV-
ShhcKO	and	AAV-injected	control	mice	(Shh+/+;R26RtdTomato),	tdTomato	was	expressed	in	
the	hindbrain	and	gVII	when	tissues	were	examined	at	35	days	(Fig.	3.6D-L;	data	not	
shown).	Similar	to	the	effect	of	deletion	of	Shh	in	Shh+	cells,	the	number	of	typical	FF	
numbers	was	not	significantly	affected	in	mutant	mice	(Fig.	3.6M),	and,	there	was	no	
difference	in	atypical	FF	numbers	between	control	and	mutant	mice	(Fig.	3.6N).		
In	fact,	the	deletion	of	Shh	via	AAV5-Cre	injection	was	less	impactful	than	
tamoxifen-induced	deletion	in	Shh+	cells	(Shh-ShhcKO;	Fig.	3.5).	This	outcome	is	
consistent	with	our	observation	that	tdTomato	reporter	expression	is	more	robust	
under	ShhCreER	than	in	response	to	hindbrain	AAV5-Cre	injection,	and	may	reflect	the	
more	variable	nature	of	the	latter	method.	Nonetheless,	findings	from	AAV-ShhcKO	and	
Shh-cKO	suggest	the	testable	hypothesis	that	epithelial	and	nerve-derived	Shh	are	two	
distinct	Hh	sources	in	the	tongue	that	may	compensate	for	one	another	and	cooperate	
to	maintain	and	renew	adult	taste	buds.	
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Figure	3.6.	Deletion	of	Shh	in	gustatory	ganglion	cells	has	no	effect	on	taste	bud	
number	or	size.		
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Figure	3.6.	Deletion	of	Shh	in	gustatory	ganglion	cells	has	no	effect	on	taste	bud	
number	or	size.		
(A)	Sagittal	schematic	of	the	brain	depicting	a	stereotaxic	injection	to	the	nucleus	of	the	
solitary	tract	(NTS,	red)	in	the	brain	stem	region	(blue).	(B)	Experimental	design	for	
retrograde	AAV5-Cre	delivery	to	the	geniculate	ganglia	of	ShhCreERT2/flox;R26RtdTomato	
(AAV-ShhcKO)	mice.	(C)	AAV5-Cre	specifically	deletes	Shh	in	gustatory	neurons	that	
innervate	FF	taste	buds.	(D,	E)	Dorsal	and	ventral	views	of	the	intact	brain	reveal	
bilateral	AAV5	injections	sites	with	viral	Cre-activated	tdTomato+	cells	(nicked	
arrowheads;	bright	field	image,	inset)	evident	beneath	the	cerebellum	in	the	brain	
stem.	(F-H)	Coronal	section	of	the	brain	stem	acquired	by	scanning	a	series	of	10x	
images	shows	the	injection	region	within	which	AAV5-Cre	activates	tdTomato	
expression	(red).	The	NTS	is	marked	by	P2X2+	(green	and	dashed	ellipse),	and	is	
infected	by	AAV5-Cre	(red).	(I,	J)	tdTomato+	nerve	fibers	(arrows)	innervate	the	
anterior	tongue	of	mutant	(I)	and	control	(J)	mice	35	days	following	AAV5-Cre	
injections.	(K,	L)	tdTomato+	neurons	in	the	geniculate	ganglia	of	mutant	(K)	and	control	
(L)	mice	after	AAV5-Cre	injections	into	the	NTS.	(M,	N)	The	numbers	of	typical	and	
atypical	FF	taste	buds	are	not	affected	by	AAV-ShhcKO	deletion	in	taste	fibers.	Nuclei	
are	counterstained	with	Nissl	(blue).	All	are	stack	images	except	F-H,	which	are	the	best	
focus	sections.	D-J	scale	bars=1	mm;	K	and	L	scale	bars=150	μm.	N=2	mice	per	
condition.	Data	are	represented	as	mean	±	SD.	Student’s	t-test.	
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Dual	Shh	deletion	from	the	epithelium	and	innervation	recapitulates	the	impact	
HhAntag	on	taste	cell	differentiation	and	renewal		
	 To	test	if	both	epithelial	Shh+	taste	precursor	cells	and	Shh+	geniculate	ganglion	
cells	can	provide	sufficient	Shh	ligand	to	taste	progenitors	to	maintain	taste	bud	
renewal,	we	next	deleted	Shh	from	both	sources	simultaneously	using	a	combination	of	
Cre-inducible,	tissue-specific	genetics	and	Cre	delivery	via	AAV5.		
	 Krt5rtTA;tetOCre;Shhflox/flox	mice	(K5-ShhcKO),	in	which	Shh	is	deleted	in	tongue	
epithelium	(as	in	Fig.	3.2)	were	injected	bilaterally	in	the	NTS	with	AAV5-Cre	(as	in	Fig.	
3.6),	and	beginning	on	the	day	of	injection,	mice	were	fed	dox	chow	for	35	days	(Fig.	
3.7A,	B).	Negative	control	mice	(Krt5rtTA;tetOCre)	and	epithelial	deletion	control	mice	
(Krt5rtTA;tetOCre;Shhflox/flox)	were	also	fed	dox	chow	for	35	days.	
	 Genetic	ablation	of	Shh	in	epithelial	cells	for	35	days	replicated	our	previous	
results	(Fig.	3.3);	the	number	of	K8+	typical	FF	was	slightly	but	not	significantly	
decreased	compared	to	controls,	whereas	the	number	of	atypical	FF	was	minimally	
higher	(Fig.	3.7C,	D).	However,	dual	Shh	deletion	resulted	in	a	dramatic	decrease	in	
taste	buds,	in	both	typical	and	atypical	FF	(Fig.	3.7C,	D).	Importantly,	in	two	out	of	three		
dually	deleted	mice,	taste	buds	were	completely	absent.		
	 Deletion	of	Shh	in	gVII	neurons	via	AAV-Cre	had	no	effect	on	P2X2+	gustatory	
innervation.	Specifically,	95%	of	taste	buds	in	control	mice	are	innervated	by	P2X2+	
fibers,	as	are	99%	in	K5-ShhcKO	mice	and	93%	of	remaining	taste	buds	in	dual	Shh	
deleted	animals	(Fig.	3.7E).	Importantly,	P2X2+	and	PGP9.5+	nerve	fibers	were	seen	in	
the	mesenchymal	cores	of	remnant	FFP	of	mice	in	which	Shh	dual	deletion	resulted	in	
complete	taste	bud	loss	(data	not	shown).	Finally,	to	roughly	estimate	gVII	size,	we	
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quantified	the	thickness	of	gVII	from	control	and	ShhcKO	mice	(see	Materials	and	
methods)	to	further	assess	the	impact	of	Shh	deletion	on	geniculate	ganglia	neurons	
maintenance.	Consistent	with	our	innervation	analysis,	Shh	loss-of-function	
experiments	did	not	affect	geniculate	geniculate	ganglion	size	(Fig.	3.7F).		
	 These	results	conclusively	demonstrate	that	in	the	adult	taste	buds,	Shh	ligand	is	
supplied	by	two	different	sources,	the	epithelium	and	innervation,	which	in	conjunction	
maintain	differentiation	and	renewal	of	taste	buds	in	the	anterior	tongue.		
Discussion	
Shh	signaling	has	been	implicated	in	stem	cell	proliferation,	maintenance	and	
differentiation	in	multiple	systems.	In	taste	buds,	Shh	is	expressed	by	a	small	number	of	
immature	taste	cell	precursors	within	each	bud,	while	surrounding	progenitors	express	
Shh	target	genes,	suggesting	that	Shh	signals	to	progenitor	cells	to	regulate	taste	cell	
renewal.		Additionally,	patients	receiving	chemotherapeutics	that	block	Hh	signaling	
almost	always	experience	significant	taste	dysfunction	(LoRusso	et	al.,	2011;	Tang	et	al.,	
2012;	Rodon	et	al.,	2014),	and	mice	treated	with	these	drugs	lose	taste	buds	and	
gustatory	nerve	responses	to	taste	stimuli	(Kumari	et	al.,	2015;	Yang	et	al.,	2015).	The	
most	parsimonious	explanation	for	taste	bud	loss	is	that,	as	is	the	case	for	tumor	cells,	
progenitor	proliferation	is	blocked	by	HPIs,	which	in	turn	blocks	supply	of	new	taste	
cells	into	buds.		However,	previously,	we	showed	that	Shh	promotes	taste	cell	
differentiation	in	adult	mice.	Specifically,	ectopic	Shh	expression	in	adult	tongue	
epithelium	drives	non-taste	progenitors	to	change	their	fate	and	generate	taste	buds	de	
novo	(Castillo	et	al.,	2014),	suggesting	that	Hh	signaling	promotes	taste	cell	
differentiation	rather	than	progenitor	proliferation.		
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Figure	3.7.	Shh	supplied	by	tongue	epithelium	or	gustatory	neurons	can	support	
adult	taste	bud	renewal.		
(A)	Krt5rtTA;tetOCre;Shhflox/flox	(K5-ShhcKO)	mice	were	AAV5-Cre	injected	on	Day	0	of	dox	
chow;	feeding	that	was	continued	for	35	days.	(B)	Concurrent	Shh	epithelial	ablation	
and	gustatory	innervation.	(C)	The	number	of	typical	FF	taste	buds	was	significantly	
decreased	in	dual	Shh	deleted	mice	compared	to	controls	and	K5-ShhcKO	mice.	(D)	
Atypical	FF	taste	bud	numbers	were	comparable	to	controls,	whereas	the	more	atypical	
FF	taste	buds	were	evident	in	K5-ShhcKO	controls;	however	these	data	show	no	
significance.	(E)	The	majority	of	remaining	taste	buds	in	dual	deletion	mice	(93%)	is	
innervated	by	P2X2+	gustatory	afferents	after	dual	deletion,	paralleling	the	innervated	
proportion	of	the	many	more	taste	buds	in	control	and	K5-ShhcKO	mice.	(F)	The	size	of	
geniculate	ganglia	is	not	altered	under	experimental	conditions,	using	ganglion	
thickness	as	a	proxy	for	ganglion	size.	N=3	mice	per	condition.	Data	are	represented	as	
mean	±	SD.	One-way	ANOVA;	**P<0.01,	***P<0.001.			
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Consistent	with	this	hypothesis,	we	show	here	that	inhibition	of	Shh	signaling	by	
HhAntag	dramatically	reduces	taste	bud	number	and	size,	and	does	so	by	reducing	
input	of	new	taste	cells	into	buds,	while	progenitor	proliferation	is	minimally	impacted.		
Shh+	cells	within	taste	buds	have	been	considered	to	be	the	sole	source	of	Hh	ligand	
relevant	to	taste	bud	cell	renewal	(Miura	et	al.,	2001;	2006;	2014).	Therefore,	we	were	
surprised	when	conditional	deletion	of	Shh	in	tongue	epithelium	had	no	impact	on	taste	
buds,	and	moreover	did	not	phenocopy	the	effect	of	HhAntag,	suggesting	that	an	
additional	source	of	Shh	supported	taste	bud	cell	renewal.	Thus,	using	inducible	genetic	
lineage	tracing	of	all	Shh+	cells	we	found	that	gustatory	neurons	within	the	geniculate	
ganglia	that	innervate	taste	buds	also	express	Shh,	suggesting	that	this	neural	source	of	
Shh	might	support	taste	cell	renewal.	However,	deletion	of	Shh	in	gustatory	neurons	
also	minimally	affected	taste	bud	renewal,	causing	us	to	posit	that	either	neural	or	
epithelial	Shh	can	sustain	taste	buds.	In	fact,	we	show	that	combined	loss	of	epithelial	
and	neurally	supplied	Shh	dramatically	reduces	taste	buds,	and	this	result	is	
comparable	to	the	effect	of	HhAntag	treatment.	Thus,	in	the	anterior	tongue,	both	
epithelial	and	neural	Shh	likely	function	redundantly	in	the	niche	to	support	taste	bud	
differentiation.	
Shh	plays	an	important	role	in	homeostasis	of	many	epithelial	and	neuroepithelial	
tissues.	Our	findings	indicate	that	in	the	ectodermally	derived	adult	fungiform	taste	
buds,	Shh’s	primary	function	is	to	signal	to	the	perigemmal	K5+	progenitors	to	direct	
their	differentiation	into	taste	cells;	as	inhibition	of	Shh	pathway	with	HhAntag	resulted	
in	local	disruption	in	the	contribution/replenishment	of	taste	cells	into	taste	buds,	
while	proliferation	of	progenitors	is	not	altered.	These	data	are	consistent	with	studies	
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of	another	ectodermally	derived	oral	tissue,	the	continually	growing	mouse	incisor.	
HhAntag	treatment	decreases	production	of	enamel-producing	ameloblasts	from	
incisor	stem	cells,	but	only	minimally	affects	stem	cell	proliferation	(Seidel	et	al.,	2010).	
In	the	adult	mammalian	brain,	fate	mapping	of	Gli1+	cells	in	the	subventricular	zone	and	
dentate	gyrus	of	the	hippocampus	have	demonstrated	a	Shh	requirement	in	neuronal	
stem	cell	compartments	for	both	stem	cell	renewal	and	generation	of	new	neurons	(Ahn	
and	Joyner,	2005).	Although	we	did	not	detect	a	large	effect	on	proliferation,	we	do	
observe	a	significant	decrease	in	K5-YFP+	progeny	in	fungiform	papillae	walls.	
Therefore,	we	cannot	discard	the	possibility	that	a	non-taste	fate	restricted	quiescent	
stem	cell	population,	such	as	Bmi1+	stem	cells	(Tanaka	et	al.,	2013),	may	be	activated	in	
response	to	Shh	pathway	inhibition.	
Previous	studies	have	shown	that	in	the	adult	tongue,	Shh	is	expressed	in	
postmitotic	taste	precursor	cells	that	are	basally	located	within	taste	buds;	these	have	
been	proposed	to	be	the	sole	Shh	source	that	signals	K5+/Gli1+	progenitor	cells	adjacent	
to	buds	and	within	FF	papillae	epithelium	(Miura	et	al.,	2001;	Okubo	et	al.,	2009;	Liu	et	
al.,	2013;	Miura	et	al.,	2014;	Gaillard	et	al.,	2015).	However,	we	found	via	genetic	
deletion	of	Shh	from	lingual	epithelium	that	Shh	within	taste	buds	is	not	required	for	
maintenance	of	buds,	suggesting	(1)	an	unidentified	Shh	source,	and/or	(2)	other	Hh	
ligands		(i.e.	Indian	hedgehog	and/or	Desert	hedgehog)	(Hooper	and	Scott,	2005;	Jiang	
and	Hui,	2008;	Ng	and	Curran,	2011)	are	present	in	the	tongue	that	would	underlie	the	
disparity	between	HhAntag	treatment	and	epithelial	Shh	loss-of-function.	In	fact,	
genetic	lineage	tracing	revealed	that	geniculate	ganglion	cells	express	Shh,	and	these	
neurons	are	known	to	innvervate	fungiform	taste	buds	on	the	anterior	two-thirds	of	the	
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tongue	(Finger	and	Simon,	2000;	Hill,	2004;	Krimm	and	Barlow,	2007;	Corson	et	al.,	
2012).	Our	study	adds	to	recent	reports	of	neurally	supplied	Hh	in	several	renewing	
epithelia.	In	adult	hair	follicles,	Gli1+	stem	cells	in	the	upper	bulge,	which	contribute	to	
interfollicular	epithelium	regeneration,	are	exposed	to	Shh	ligand	from	nerves	of	the	
dorsal	root	ganglia	(Brownell	et	al.,	2011).	Likewise,	in	the	adult	incisor,	Gli1+	
mesenchymal	stem	cells	that	contribute	to	turnover	and	repair	of	ameloblasts	after	
injury,	are	supported	by	sensory	nerves	in	the	neurovascular	bundle	niche	(Zhao	et	al.,	
2014).	Further,	Shh	inhibition	by	HhAntag	significantly	reduces	ameloblast	
differentiation	without	a	significant	effect	on	proliferation	(Zhao	et	al.,	2014).	Lastly,	
two	independent	studies	revealed	that	in	the	touch	dome,	a	mechanosensory	epidermal	
structure	associated	with	guard	hair	follicles,	embryonic	Merkel	cells	are	induced	and	
maintained	by	Hh	ligand	supplied	by	the	innnervation	(Peterson	et	al.,	2015;	Xiao	et	al.,	
2015).	Using	Wnt1-Cre	and	Advillin-Cre	mice,	one	group	specifically	deleted	Shh	in	the	
dorsal	root	ganglion	cells	that	innervate	touch	domes	and	found	a	significant	reduction	
in	touch	dome	size	and	Merkel	cell	number	in	late	embryos	(Xiao	et	al.,	2015).	
For	over	a	century,	multiple	studies	have	reinforced	the	finding	that	innervation	
and	hence	a	nerve-dependent	factor	is	responsible	for	maintenance	of	taste	buds	in	
mammals	(Von	Vintschgau	and	Hönigschmied,	1877).	In	the	anterior	tongue,	
denervation	by	crushing	or	transecting	of	gustatory	chorda	tympani	nerve	leads	to	
fungiform	taste	bud	regression	and	transformation	of	fungiform	papillae	into	filiform-
like	papillae	in	rats	(Oakley	et	al.,	1990;	Nagato	et	al.,	1995).	Another	study	by	Sloan	et	
al.	in	the	Mongolian	gerbil	(Meriones	unguiculatus)	found	that	impairing	axonal	
transport	in	the	lingual-chorda	tympani	nerve	with	a	colchicine	nerve	cuff	caused	
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fungiform	taste	bud	degeneration	after	8-15	days	(Sloan	et	al.,	1983);	supporting	the	
hypothesis	that	a	nerve-derived	factor	delivered	anterogradely	from	gustatory	neurons	
drives	taste	bud	differentiation	and	maintenance.	More	recent	approaches	using	mouse	
transgenics	have	shown	that	Shh	alone	is	sufficient	to	drive	formation	of	fully	
differentiated	adult	taste	buds	in	the	anterior	tongue	(Castillo	et	al.,	2014).	Thus,	we	
hypothesized	that	Shh	ligand	might	be	a	key	nerve-derived	trophic	factor	that	
maintains	mammalian	adult	taste	buds.	To	test	this	hypothesis,	we	genetically	deleted	
Shh	in	genicuate	ganglion	cells	that	send	fibers	to	FF	taste	buds	via	the	chorda	tympani	
nerve.	However,	surprisingly,	selective	loss	of	Shh	in	gustatory	neurons	had	minimal	
effect	on	fungiform	taste	buds.	Interestingly,	and	not	widely	appreciated,	chorda	
tympani	nerve	injury	in	mice	causes	robust	fungiform	taste	bud	degeneration	in	more	
posterior	taste	buds,	while	half	of	the	taste	buds	in	the	most	anterior	1	mm	of	the	
tongue	persist	despite	denervation	(Guagliardo	and	Hill,	2007).	This	result	is	directly	
pertinent	to	our	study,	where	we	have	restricted	our	analysis	to	only	the	most	anterior	
1.5	mm	(see	Materials	and	methods).	Therefore,	it	appears	that	these	most	anterior	
taste	buds	are	more	resilient	to	denervation	than	their	posterior	counterparts	perhaps	
because	epithelial	Shh	can	support	taste	bud	maintenance	in	the	absence	of	a	neural	
supply	in	this	anterior	domain.	Of	note,	our	Shh	deletion	experiments	also	demonstrate	
that	autocrine	Shh	signaling	within	the	geniculate	ganglion	is	not	required	to	maintain	
gustatory	innervation	under	homeostasis;	although	nerve	axotomy	studies	have	shown	
Shh	can	play	a	role	in	neuronal	survival	and	nerve	regeneration	(Akazawa	et	al.,	2004;	
Martinez	et	al.,	2015).	
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There	is	abundant	evidence	that	complex	tissues	have	different	compartments	
that	can	perform	similar	functions	and	it	has	been	suggested	that	evolutionarily	
selected	redundancies	confer	advantage	to	organisms.	In	development,	for	example,	
redundant	regulators	participate	in	myogenesis,	sclerotome,	cerebral	cortex	and	
olfactory	bulb	formation	(Kafri	et	al.,	2006).	In	stem	cell	niches,	as	the	Drosophila	germ	
stem	cell	niche	and	the	mammalian	intestinal	stem	cell	niche,	different	compartments	
provide	the	same	molecular	signals	required	for	stem	cell	maintenance	(Xin	et	al.,	
2016).	Similarly	in	the	tongue,	epithelial	and	nerve-derived	Shh	compensate	for	one	
another,	which	we	posit	is	why	anterior	taste	buds	are	only	mildly	affected	by	Shh	loss	
in	either	compartment.	By	simultaneously	deleting	Shh	from	Shh+	taste	precursors	in	
the	lingual	epithelium	and	gVII	neurons,	we	were	able	to	phenocopy	the	impact	of	
HhAntag	treatment,	i.e.,	a	drastic	reduction	of	taste	buds.	Despite	loss	of	most	taste	
buds	in	dual	Shh	deleted	mice,	P2X2+	and	PGP9.5+	fibers	innervate	the	remaining	taste	
buds	and	mesenchyme,	reinforcing	the	idea	that	Shh	is	not	required	for	maintenance	of	
gustatory	sensory	nerves	in	the	tongue.	This	observation	is	supported	by	the	presence	
of	nerves	and	nerve	responses	to	touch	in	HPI	treated	mice	(Kumari	et	al.,	2015).	In	
addition,	our	data	resemble	those	reported	for	cutaneous	innervation	in	the	touch	
dome,	where	Shh	is	dispensable	for	maintainenace	of	an	intact	innervation	(Xiao	et	al.,	
2015).	
Further	studies	will	be	required	to	determine	which	other	components	of	the	Shh	
pathway	are	involved	in	taste	epithelium	renewal,	if	this	regulation	is	through	canonical	
or	non-canonical	signaling,	which	factors	are	downstream	of	Shh	and	whether	other	
hedgehog	ligands	contribute	to	this	process.		
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The	current	use	of	HPIs	as	chemotherapeutics	highlights	the	importance	of	
elucidating	the	molecular	and	cellular	effects	these	drugs	have	on	the	sense	of	taste.	
Here	we	provide	a	framework	for	understanding	how	Shh	signaling	regulates	adult	
taste	renewal	and	gain	insight	into	the	key	niche	elements	required	for	taste	bud	
maintenance.	
Materials	and	methods		
Animals	
	 Male	and	female	mice	were	all	on	a	mixed	background.	Mouse	lines	used	include	
combinations	of	the	following	alleles	or	transgenes:	Krt5rtTA	(Diamond	et	al.,	2000),	
tetOCre	(Perl	et	al.,	2002),	Shhflox	(Lewis	et	al.,	2004),	ShhCreERT2	(Harfe	et	al.,	2004),	
R26RYFP	(Srinivas	et	al.,	2001)and/or	R26RtdTomato	(Madisen	et	al.,	2010).	Mice	were	6-12	
weeks	of	age	at	the	start	of	each	experiment	and	data	for	this	study	were	gathered	from	
at	least	3	mice	per	time	point.	Mice	were	genotyped	as	previously	described	(Gaillard	et	
al.,	2015;	Thirumangalathu	and	Barlow,	2015)	and	all	mouse	work	was	done	in	
accordance	to	approved	protocols	by	the	Institutional	Animal	Care	and	Use	Committee	
at	the	University	of	Colorado	Anschutz	Medical	Campus.		
HhAntag	administration	
	 HhAntag	was	prepared	as	described	by	Yauch	et	al.	(2008)	and	was	administered	
via	oral	gavage	twice	daily	at	a	dose	of	100	mg/kg	for	22	days.	Mice	were	sacrificed	at	
day	23.	
Doxycycline	and	tamoxifen	induction	of	Cre	
	 To	delete	Shh	in	lingual	epithelial	cells,	Krt5rtTA;tetOCre;Shhflox/flox	mice	were	fed	
doxycycline	(Dox)-supplemented	chow		(1	g	doxycycline/kg;	S3949,	Bio-Serv)	
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continuously	until	sacrificed	at	14,	21	or	42	days.	For	pulse	lineage	labeling	
experiments	comparing	vehicle	treated	controls	to	HhAntag	mice,	
Krt5rtTA;tetOCre;R26RYFP	mice	were	fed	Dox	chow	overnight	on	day	7	of	drug	or	vehicle	
treatment,	and	then	sacrificed	after	another	14	days	of	drug	or	vehicle.		To	induce	Cre	
activation,	ShhCreERT2/flox;R26RtdTomato	or	ShhCreERT2;R26RtdTomato	mice	were	gavaged	with		
100	mg/kg	tamoxifen	(T5648,	Sigma)	dissolved	in	corn	oil	once	every	morning	for	4	
consecutive	days;	mice	were	sacrificed	10,	32-35	(“35	day	time	point”),	60	or	85	days	
from	the	start	of	the	experiment.		
Retrograde	Cre	delivery	by	viral	vector	and	stereotaxic	brain	injections	
	 Adeno-Associated	Virus	5	(AAV5.CMV.PI.Cre.rBG;	referred	here	as	AAV5-Cre)	was	
obtained	from	the	Viral	Vector	Core	of	the	University	of	Pennsylvania	
(https://www.med.upenn.edu/gtp/vectorcore/).	Virus	injections	were	performed	by	
stereotaxic	targeting	of	the	nucleus	of	the	solitary	tract	(NTS)	in	the	brain	stem.	Each	
mouse	received	6	AAV5-Cre	injections	(3	per	left	and	right	sides)	in	order	to	span	the	
volume	of	the	NTS,	using	the	following	coordinates	with	respect	to	bregma:	AP	−5.5	
mm,	ML	±	0.85	mm,	DV	−4.4	mm;	AP	−5.8	mm,	ML	±1.25	mm,	DV	−4.4	mm;	AP	−6.0	mm,	
ML	±	1.25	mm,	DV	−4.9	mm.	Injection	volume	was	150	nl	of	undiluted	virus	(at	1.2e13	
GC/ml)	per	site,	for	a	total	of	900	nl	per	animal.	Briefly,	mice	were	anesthetized	with	
ketamine/xylazine	(100	mg/kg	and	10	mg/kg,	respectively),	injected	subcutaneously	
over	the	skull	with	100	μl	2%	lidocaine,	and	positioned	in	the	stereotaxic	apparatus	
(Narishige	SR-5M-HT)	with	a	level	skull	(≤	50	μm	difference	DV	between	skull	sutures	
bregma	and	lambda).	After	incising	the	skull	and	cleaning	the	periosteum	with	30%	
H2O2,	the	zero	position	at	bregma	and	midline	was	obtained	(Sutter	MP-285)	and	the	
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aforementioned	coordinates	were	marked.	One	craniotomy	per	side	(Marathon	III)	
exposed	overlying	dura	mater	which	was	removed	prior	to	injection.	A	Hamilton	
Neuros	syringe	(model	7001	KH	SYR,	32	gauge)	was	filled	with	virus,	loaded	into	the	
manipulator,	and	brought	to	the	level	of	the	cortex	to	be	zeroed	for	depth.	The	syringe	
was	lowered	into	the	brain	at	a	rate	of	1	mm/minute.	After	reaching	the	target	depth,	
150	nl	of	virus	was	injected	over	the	course	of	1	minute	followed	by	2	minutes	of	rest	
time	before	removing	the	syringe	at	1	mm/minute.	After	all	six	injections,	the	scalp	was	
sutured	closed	(6-0	silk),	gentamycin	was	applied	to	the	incision,	and	the	animals	were	
injected	subcutaneously	with	carprofen	(10	mg/kg)	and	buprenorphine	(0.05	mg/kg)	
and	allowed	to	recover	on	a	heating	pad	at	37°C.	The	mice	were	monitored	daily	and	
given	additional	carprofen	injections	(10	mg/kg)	daily	for	the	first	two	days	
postoperatively.	Mice	were	sacrificed	35-36	(“35	day	time	point”)	days	from	the	start	of	
the	experiment.		
Tissue	preparation	
	 Harvested	tongues	were	perfusion-fixed	or	fresh.	Perfusion-fixation:	animals	were	
anesthetized	by	i.p.	injection	of	250	mg/kgbody	weight	Avertin	(2,2,2-Tribromoethanol)	
and	transcardially	perfused	with	Periodate-Lysine-Paraformaldehyde	(PLP)	(Pieri	et	al.,	
2002).	Dissected	tongues	were	post-fixed	in	PLP	for	3	hours	at	4°C	and	then	
cryoprotected	in	20%	sucrose	in	1x	Phosphate	Buffer	(PB)	overnight	at	4°C.	Tissue	was	
embedded	in	Tissue-Tek®	O.C.T.™	Compound	(4583,	Sakura),	frozen,	and	stored	at	
−80°C.	Fresh:	dissected	tongues	were	rinsed	in	sterile	ice-cold	1x	Phosphate	Buffered	
Saline	(PBS)	and	embedded	in	Tissue-Tek®	O.C.T.™	Compound,	frozen,	and	stored	at	
−80°C.	Processing	of	perfusion-fixed	or	fresh	tongues	was	restricted	to	the	anterior	1.5	
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mm	of	the	tongue	with	a	high	density	of	fungiform	papillae.		Eight	sets	of	serial	
cryosections	(12	μm)	per	tongue	were	collected	on	Superfrost	Plus	Slides	(12-550-15,	
Fisher	Scientific).	Brains	and	cranial	ganglia	were	harvested	from	perfusion-fixed	mice.	
Whole	heads	with	exposed	brains	from	transcardially	PLP-perfused	animals	were	
immersed	in	PLP	overnight	at	4°C.	Dissected	brains,	and	cranial	ganglia	V	and	VII	were	
cryoprotected	in	20%	sucrose	in	1x	PB	overnight	at	4°C	and	embedded	in	Tissue-Tek®	
O.C.T.™	Compound,	frozen,	and	stored	at	−80°C.	Hindbrains	were	cryosectioned	at	40	
μm,	processed	as	free	floating	sections	(Stratford	and	Thompson,	2016)	and	collected	
on	Superfrost	Plus	Slides.	Cranial	ganglia	were	cryosectioned	at	12	μm	and	entirety	of	
the	tissue	was	collected	on	Superfrost	Plus	Slides.	
Immunofluorescence	and	in	situ	hybridization		
	 Immunofluorescence	was	performed	on	perfusion-fixed	12	or	40	μm	cryosections	
as	described	(Nguyen	and	Barlow,	2010;	Stratford	and	Thompson,	2016).	Primary	
antisera	and	dilutions:	rat	anti-K8	(Troma)	(1:250;	Developmental	Studies	Hybridoma	
Bank,	University	of	Iowa),	rabbit	anti-P2X2	(1:500;	APR-003,	Alomone	Labs),	rabbit	
anti-PGP9.5	(1:1000;	7863-0504,	AbD	Serotec),	rabbit	anti-Ki67	(1:200;	RM-9106-S,	
Thermo	Fisher	Scientific)	and	chicken	anti-GFP	used	to	detect	YFP	(1:1000;	GFP-1020,	
Aves	Labs).	Appropriate	secondary	antisera	from	Thermo	Fisher	Scientific	(A11006,	
A11081,	A21247,	A11008,	A11010,	A21245,	A11039,	A21208,	A21206,	A31573,	
S11225),	Jackson	ImmunoResearch	(712-165-153,	712-605-150,	703-545-155)	and	
Vector	Laboratories	(PK-6101)	were	used	at	1:1000	(host:	goat),	1:800	(host:	donkey),	
and	1:500	(rabbit	IgG	biotinylated).	Sections	were	counterstained	with	Draq5	(1:8000;	
108410,	AbCam)	or	Nissl	(1:100;	NeuroTrace	640/660,	N-21483,	Thermo	Fisher	
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Scientific),	and	coverslipped	with	Fluormount	G	(0100-01,	SouthernBiotech)	or	
ProLong	Gold	Antifade	(P36930,	Thermo	Fisher	Scientific).	Detection	of	Shh	mRNA	by	
in	situ	hybridization	of	fresh	tissue	sections	was	performed	as	described	(Gaillard	et	al.,	
2015).	Antisense	RNA	probe	was:	Shh	(340-2668:	Genbank	AKO77688;	(Echelard	et	al.,	
1993).		
Image	acquisition	and	analysis	
	 Bright-field	and	fluorescence	images	were	acquired	using	a	Zeiss	Axioplan	II	
microscope	or	an	Olympus	SZX12	stereo	microscope,	Axiocam	CCD	camera	with	
Axiovision	software	or	a	Retiga	4000R	camera	with	Q-Capture	Pro-7	software.	Confocal	
images	were	obtained	as	a	Z-stack	of	0.76	μm	optical	sections	acquired	sequentially	
using	a	Leica	TCS	SP5	II	confocal	microscope	with	LASAF	software.	Whole	tissue	section	
scannings	were	acquired	sequentially	using	a	Leica	DFC	365FX	camera	on	a	Leica	
DM6000B	microscope	with	the	imaging	software,	Surveyor	by	Objective	Imaging.	A	
series	of	10x	or	20x	images	were	obtained	for	each	color	channel	(Texas	Red,	Fitc,	Cy-
5),	aligned	and	stitched	together	using	the	Best	Focus	option	in	the	Surveyor	software.	
The	final	rendering	is	a	mosaic	RGB	image	of	each	section.	The	most	anterior	1.5	mm	of	
each	tongue	was	collected	on	8	serial	sets	of	16	cryosections	and	single	series	were	
used	for	the	different	immunomarkers.		
	 Each	fungiform	taste	bud	was	counted	if:	(1)	it	was	found	within	a	papilla	and	(2)	
it	housed	at	least	1	K8-immunoreactive	(K8+)	cell	with	a	nuclear	profile.	Additionally,	
fungiform	taste	buds	were	categorized	as	follows	(and	see	Fig.	3.3F,	G):	(1)	Typical	
Fungiform	Papilla	and	Taste	bud	(Typical	FF):	papilla	with	epithelial	invaginations	into	
the	mesenchyme,	where	a	mesenchymal	core	is	bordered	bilaterally	by	the	taste	
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papillary	epithelium;	the	papilla	apex	has	a	plateau-like	surface	housing	a	single	taste	
bud.	Each	taste	bud	has	a	characteristic	onion-like	shape	composed	of	fusiform	cells.	(2)	
Atypical	Fungiform	Papilla	and	Taste	bud	(Atypical	FF):	papilla	and	mesenchymal	core	
are	narrow;	the	papilla	apex	is	filiform	and	houses	a	single	taste	bud.	The	taste	bud	is	
narrow	and	has	fewer	taste	cells	compared	to	typical	FF;	the	remaining	taste	cells	have	
a	stretched	appearance	(Oakley	et	al.,	1990;	Nagato	et	al.,	1995).	All	taste	buds	in	either	
type	of	papilla	were	tallied	and	assigned	a	number.	Typical	and	atypical	FF	were	
analyzed	separately.	For	whole	section	analysis	of	cell	proliferation	by	Ki67	
immunoreactivity,	ImageJ	(NIH)	was	used	to	measure	the	area	of	Ki67+	cells	in	lingual	
epithelium.	Representative	sections	from	4	different	regions,	each	region	separated	by	
384	μm	and	encompassing	the	most	anterior	1.5	mm	of	the	tongue,	were	selected.	Each	
whole	section	was	designated	as	the	ROI	in	which	the	mesenchymal	compartment	was	
masked	to	avoid	quantification	of	stromal	Ki67+	signal	and	a	fixed	threshold	value	was	
applied	during	the	analysis	to	avoid	detection	of	Ki67+	signal	in	tongue	mesenchyme	
(see	Fig.	3.2C-D’).	
Ganglia	thickness	measurement	
	 The	left	gVII	of	each	mouse	was	collected	and	processed	as	mentioned	in	the	
Tissue	preparation	section.	Per	gVII	4-6	sets	of	serial	cryosections	(12	μm)	were	
collected	on	Superfrost	Plus	Slides.	Tissue	collection	started	as	soon	as	the	tissue	was	
visualized	and	stopped	with	the	last	evident	tissue	section.	Ganglia	thickness	was	
calculated	as	follows:	gVII	thickness	=	Total	number	of	sections	on	last	slide	×	Total	
number	of	sets	×	12	μm).	
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Statistical	analysis	
		 Data	were	analyzed	using	two-tailed	Student’s	t-test	with	Welch’s	correction,	
multiple	t-test	with	Holm-Sidak	post-hoc	test	or	one-way	ANOVA	with	Tukey–Kramer	
post-hoc	test.	Significance	was	taken	as	P	<	0.05	with	a	confidence	interval	of	95%.	Data	
are	presented	as	mean	±	SD.		
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CHAPTER	IV	
SOX2	REGULATION	BY	HEDGEHOG	SIGNALING	CONTROLS	ADULT	LINGUAL	
EPITHELIUM	HOMEOSTASIS	
Abstract	
	 The	adult	tongue	epithelium	is	constantly	renewed	from	epithelial	progenitor	cells	
throughout	life,	however	the	molecular	signals	by	which	this	is	accomplished	remain	
poorly	understood.	Sox2	plays	critical	roles	in	cell	fate	decisions	during	development,	
and	in	adult	tissues	can	serve	dual	roles	as	a	stem	cell	maintenance	or	differentiation	
factor.	In	tongue	development,	Sox2	is	required	but	not	sufficient	for	taste	bud	
formation.	Previously,	we	demonstrated	that	overexpression	of	Sonic	Hedgehog	(Shh)	
in	adult	epithelial	progenitors	results	in	increased	Sox2	levels	and	ectopic	taste	bud	
induction,	consistent	with	the	hypothesis	that	Sox2	is	downstream	of	Hedgehog	(Hh)	
signaling,	and	that	adult	tongue	epithelium	differentiation	depends	on	Hh	regulation	of	
Sox2.	To	test	this	idea,	we	inhibited	Hh	signaling	in	Sox2-GFP	mice	using	a	hedgehog	
pathway	inhibitor	(HPI)	and	found	a	drastic	decline	in	GFP	expression	in	taste	
progenitors	and	taste	buds	by	7	days.	Using	a	conditional	Cre-lox	system	to	delete	Sox2,	
we	show	that	loss	of	Sox2	alters	cell	fate	in	taste	and	non-taste	epithelium;	Keratin	(K)	
14+	progenitor	cells	increase	in	number	at	the	expense	of	differentiated	K8+	taste	cells	
and	K13+	lingual	keratinocytes.	Moreover,	in	the	absence	of	Sox2,	in	contrast	to	the	
normal	pattern	of	basally	restricted	proliferation,	proliferation	is	disorganized	with	
dividing	cells	present	in	suprabasal	epithelial	layers.	Further,	driving	constitutive	
expression	of	Shh	in	conjunction	with	Sox2	deletion,	ectopic	taste	buds	fail	to	form	and	
endogenous	taste	buds	disappear;	rather,	robust	hyperproliferation	takes	over	the	
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entire	lingual	epithelium	resembling	a	basal	cell	carcinoma	phenotype.	In	sum,	our	
experiments	suggest	that	Hh	pathway	activity	regulates	lingual	epithelium	homeostasis	
by	fine-tuning	Sox2	expression	levels	in	the	adult	tongue.	
Introduction	
	 In	mammals,	the	adult	lingual	epithelium	can	be	categorized	as	non-taste	and	
taste	epithelium.	The	majority	of	the	tongue	surface	is	covered	by	the	keratinized,	non-
taste	epithelium	made	up	of	mechanosensory	filiform	papillae,	which	are	curved,	
spinous-shaped	structures	with	small	mesenchymal	cores	(Hume	and	Potten,	1976).	
The	more	complex	taste	epithelium	consists	of	collections	of	neuroepithelial	taste	cells	
organized	within	taste	buds,	which	in	turn	lie	in	taste	papillae	on	the	tongue	surface.	In	
rodents,	fungiform	(FF)	papillae	are	arrayed	on	the	anterior	two-thirds	of	the	tongue,	
interspersed	among	filiform	papillae	of	the	non-taste	epithelium.	Each	rodent	FF	papilla	
houses	a	single	apical	taste	bud	surrounded	by	keratinocytes	that	make	up	the	papilla	
walls	and	delineate	a	mesenchymal	core.	Murine	taste	buds	comprise	~60-100	fusiform	
taste	receptor	cells	responsible	for	detecting,	transducing	and	transmitting	the	five	
basic	tastes,	i.e.	salty,	sweet,	bitter,	umami/savory	and	sour,	to	the	brain	(Chaudhari	
and	Roper,	2010).	
	 During	adulthood,	both	non-taste	and	taste	lingual	epithelium	are	continually	
renewed	from	basally	located	progenitor/stem	cells.	Previous	tritiated	thymidine	
studies	in	mice	show	that	the	entire	non-taste	epithelium	has	a	turnover	rate	of	5-7	
days;	this	is	one	of	the	fastest	renewing	tissues	in	mammals,	only	slightly	slower	than	
the	pace	of	renewal	of	the	epithelial	lining	of	the	intestine	(3-5	days)	(Hume	and	Potten,	
1976;	Barker,	2013).	By	contrast,	similar	approaches	to	define	taste	cell	life	span	
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concluded	these	cells	are	longer	lived,	with	an	average	lifespan	of	10-14	days	(Beidler	
and	Smallman,	1965;	Farbman,	1980;	Delay	et	al.,	1986),	although	some	taste	bud	cells	
persist	up	to	30	days	(Hamamichi	et	al.,	2006;	Perea-Martinez	et	al.,	2013).		
	 More	recent	studies,	using	inducible	genetic	systems	to	lineage	label	cytokeratin	5	
and	14	(K5	and	K14)	basal	epithelial	cells	have	demonstrated	that	this	population	
comprises	bipotential	progenitors	in	the	tongue	(Okubo	et	al.,	2009;	Gaillard	et	al.,	
2015).	K5/14+	cell	located	basally	in	the	non-taste	epithelium	and	outside	of	taste	buds	
are	progenitor	cells	that	give	rise	to	transit	amplifying	(TA)	cells	that	become	
differentiated	Keratin	(K)	13+	keratinocytes.	K13+	cells	contribute	to	subrabasal	
epithelial	layers	of	filiform	and	FF	papillae,	and	are	finally	shed	at	the	tongue	surface	
(Iwasaki	et	al.,	2006;	Okubo	et	al.,	2009);	this	lineage	progression	resembles	that	of	the	
interfollicular	epidermis	of	the		skin	(Winter	et	al.,	1990).	In	taste	epithelium,	the	K5/14	
cells	situated	immediately	adjacent	to	each	bud	are	referred	to	as	perigemmal	cells.	
These	mitotically	active	progenitors	can	generate	cells	that	enter	taste	buds	and	exit	the	
cell	cycle	to	become	immediate	taste	cell	precursors	that	reside	basally	in	taste	buds.	
Ultimately	these	intragemmal,	i.e.,	inside	the	bud,	type	IV	basal	cells	differentiate	into	
taste	cells	2-3	days	after	their	last	cell	division	(Cho	et	al.,	1998;	Hamamichi	et	al.,	2006;	
Miura	et	al.,	2006;	Nguyen	and	Barlow,	2010;	Perea-Martinez	et	al.,	2013;	Miura	et	al.,	
2014;	Barlow,	2015;	Barlow	and	Klein,	2015).	Besides	contributing	to	taste	bud	
renewal,	K5/K14+	progenitor	cells	within	FF	papillae	replenish	themselves	and	provide	
keratinocytes	to	the	region	of	the	taste	pore	and	adjacent	non-taste	epithelium	of	the	
taste	papillae	(Okubo	et	al.,	2009).	The	intrinsic	differences	in	competency	between	the	
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non-taste	and	taste	epithelium	suggests	a	differential	molecular	regulation	of	cell	fates	
in	these	two	epithelial	compartments.	
	 One	molecular	regulator	of	cell	renewal	in	many	epithelial	systems	is	the	
Hedgehog	(Hh)	pathway.	In	development	and	homeostasis,	Hh	signals	through	one	of	
its	best	known	ligands,	sonic	hedgehog	(Shh).	Shh	binds	to	the	receptor	Patched	1	
(Ptch1)	on	a	responding	cell,	triggering	activation	of	the	transmembrane	protein	
Smoothened	(Smo)	and	promoting	Gli1/2-dependent	transcriptional	activation	
(Petrova	and	Joyner,	2014).	Sonic	hedgehog	(Shh)	is	expressed	by	postmitotic	taste	
precursor	cells	(also	called	type	IV	cells)	(Miura	et	al.,	2014)	within	each	taste	bud,	
while	Ptch1+	and	Gli1+	Shh-responding	cells	are	mitotically	active	progenitors	that	
surround	each	bud,	implying	that	Shh	signals	from	within	the	bud	regulate	taste	
progenitors	and	their	renewal	of	taste	bud	cells	throughout	adulthood	(Miura	et	al.,	
2001;	Miura,	2003;	Miura	and	Barlow,	2010;	Miura	et	al.,	2014).		
	 Another	protein	that	plays	an	important	role	in	the	taste	system	is	Sox2,	which	
belongs	to	the	family	of	SRY-related	HMG	box	transcription	factors	that	are	critical	for	
cell	fate	determination	during	development,	and	stem	cell	maintenance/differentiation	
in	adult	tissues	(Liu	et	al.,	2012).	Sox2	lineage	tracing	experiments,	together	with	loss	
and	gain	of	function	studies	have	identified	Sox2+	expression	in	various	adult	
endodermal	and	ectodermal	stem	cell	compartments,	and	demonstrated	that	Sox2+	
cells	are	essential	for	tissue	homeostasis	(Arnold	et	al.,	2011).	The	importance	of	Sox2	
during	embryonic	taste	development	has	been	demonstrated	by	failure	of	Sox2	
hypomorphic	mutants	to	generate	FF	taste	buds	(Okubo	et	al.,	2006).	In	the	adult	taste	
system,	Sox2	is	expressed	at	low	levels	throughout	the	basal	epithelium	and	by	K14+	FF	
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papillae	cells	more	distant	from	buds,	and	at	high	levels	in	K14+	taste	bud	progenitors	
immediately	adjacent	to	taste	buds	and	basal	cells	within	taste	buds,	as	well	as	in	a	
subset	of	mature	taste	receptor	cells	(Okubo	et	al.,	2006;	Suzuki,	2008).	
	 Previously,	we	demonstrated	that	Shh	misexpression	in	K14	progenitors	of	the	
anterior	tongue	induced	ectopic	taste	bud	formation,	and	that	Sox2	expression	
increased	in	epithelial	cells	surrounding	and	within	ectopic	buds,	recapitulating	the	
pattern	seen	in	endogenous	taste	buds	(Castillo	et	al.,	2014).	These	results	suggested	
the	testable	hypothesis	that	renewal	of	adult	lingual	epithelium	is	positively	regulated	
by	Hh	signaling	which	requires	downstream	Sox2	function.	
	 Here,	we	test	this	idea	by	assessing	impact	of	inhibition	of	the	Hh	pathway	on	
Sox2	expression	using	HhAntag,	a	hedgehog	pathway	inhibitor	(HPI)	that	blocks	the	key	
Hh	effector	Smo	(Yauch	et	al.,	2008).	Additionally,	we	genetically	ablate	Sox2	(Sox2cKO)	
alone	(Shaham	et	al.,	2009)	or	paired	with	Shh	over-expression	(Shh-YFPcKI)	(Castillo	
et	al.,	2014)	via	inducible	tissue	specific	Cre-lox	systems.	We	find	that	pharmacologic	
inhibition	of	the	Hh	pathway	affects	the	differentiation	program	of	taste	buds	and	leads	
to	downregulation	of	Sox2-GFP	in	taste	bud	progenitors.	Further	we	show	that	Sox2	is	
required	for	taste	and	non-taste	cell	fate	in	adult	tongue.	In	particular,	in	Sox2cKO	mice,	
K14	progenitors	fail	to	differentiate.	Finally,	loss	of	Sox2	abrogates	the	ability	of	Shh	to	
induce	ectopic	taste	buds	and	in	turn	results	in	hyperproliferation	of	basal	epithelial	
cells,	suggesting	that	in	the	absence	of	Sox2,	the	Shh	signal	switches	from	a	pro-taste	
differentiation	signal	to	a	robust	mitogen.	
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Results	
Hh	pathway	inhibition	rapidly	affects	fungiform	taste	bud	morphology,	size	and	Sox2	
expression	in	mice	treated	with	HhAntag	
	 Hh	signaling-dependent	cancers,	such	as	basal	cell	carcinomas,	are	often	treated	
with	HPIs	as	a	means	of	inhibiting	constitutive	Hh	pathway	activation	(Rubin	and	de	
Sauvage,	2006;	Ng	and	Curran,	2011;	Wong	and	Dlugosz,	2014).	Although	these	
chemotherapeutics	have	proven	efficient	at	targeting	tumors,	patients	taking	them	
experience	uncomfortable	and	detrimental	side	effects,	including	the	loss	or	alteration	
of	taste	sensation	(LoRusso	et	al.,	2011;	Tang	et	al.,	2012;	Rodon	et	al.,	2014).	As	we	
previously	showed	that	over-expression	of	Shh	signaling	drives	ectopic	taste	bud	
formation	and	that	high	Sox2	expression	might	be	involved	in	this	response	(Castillo	et	
al.,	2014),	we	set	out	to	determine	if	systemic	HhAntag,	an	HPI	that	antagonizes	Smo,	
locally	affects	tongue	epithelium	renewal	by	altering	Sox2	expression.		
	 Differentiation	of	taste	progenitors	into	new	taste	cells	takes	~3	days	from	their	
last	division	(Cho	et	al.,	1998;	Hamamichi	et	al.,	2006;	Perea-Martinez	et	al.,	2013).	
Others	and	we	have	found	that	taste	buds	are	reduced	after	21	days	of	HPI	treatment	
(Kumari	et	al.,	2015;	Yang	et	al.,	2015)	(see	Chapter	III),	however,	we	suspected	that	
HPIs	would	affect	expression	of	genetic	regulators	of	taste	bud	renewal	much	sooner.	
Thus,	first	we	compared	the	number	and	size	of	taste	buds	in	mice	treated	with	
HhAntag	or	vehicle	for	3	and	7	days.	Using	K8	as	immunostaining	to	mark	mature	taste	
cells	(Knapp	et	al.,	1995),	we	found	that	at	3	days	there	was	no	difference	in	the	number	
or	size	of	taste	buds,	nor	were	there	increased	atypical	FF	papillae	as	is	seen	in	mice	
after	21	days	of	HhAntag	treatment	(Fig.	4.1A-D)	(see	Materials	and	methods).	By	7	
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days	of	Hh	signaling	inhibition,	typical	FF	buds	were	minimally	but	not	significantly	
decreased,	a	trend	that	was	also	evident	for	taste	bud	size	(Fig.	4.1E,	F).	However,	
atypical	FF	taste	buds,	hallmark	of	taste	bud	disruption	(Oakley	et	al.,	1990;	Nagato	et	
al.,	1995),	increased	significantly	compared	to	vehicle-treated	controls,	suggesting	that	
within	7	days	of	HhAntag	treatment	taste	buds	are	already	affected.		
Sox2	expression	in	taste	epithelium	decreased	in	vivo	by	inhibition	of	Hh	signaling	
	 As	taste	buds	are	already	impacted,	albeit	minimally,	at	7	days,	we	reasoned	that	if	
Sox2	plays	a	role	in	taste	cell	renewal	downstream	of	Shh,	then	Sox2	expression	may	be	
affected	after	short	term	drug	treatment.	Hence,	we	examined	GFP	expression	in	Sox2-
GFP	mice	treated	with	HhAntag	or	vehicle	for	3	and	7	days.	In	intact	control	tongues	
examined	at	low	magnification,	high	Sox2-GFP	(GFPhi)	expression	was	readily	detected	
in	FF	papillae	(Fig.	4.2A,	B,	C)	with	dimmer	GFP	expression	in	papillary	walls	(Fig.	4.2A,	
B,	C,	insets	and	arrowheads)	and	high	GFP	within	taste	buds	(Fig.	4.2A,	B,	C,	insets	and	
arrows);	this	pattern	is	comparable	in	3	day	drug-treated	mice	and	controls.	By	
contrast,	in	mice	treated	with	HhAntag-treated	for	7	days,	GFP	expression	appeared	to	
be	abolished	(Fig.	4.2D)	with	only	a	few	remaining	GFP+	FF	taste	buds	(Fig.	4.2D,	inset	
and	arrow).	
	 We	next	examined	Sox2-GFP	expression	more	closely	in	tissue	sections	of	anterior	
tongues.	As	expected,	GFP	expression	was	comparable	in	controls	and	mice	treated	for	
3	days	with	drug,	in	that	basal	cells	lining	the	FF	papillae	walls	expressed	intermediate	
levels	of	Sox2-GFP	(GFPmid)	(Fig.	4.2E-J	and	M-O,	arrowheads),	while	GFPhi	expression	
was	evident	in	perigemmal	epithelial	cells	(Fig.	4.2E-J	and	M-O,	asterisks)	and	in	taste	
buds	(Fig.	4.2E-J	and	M-O,	red).				
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Figure	4.1.	Adult	taste	buds	are	slightly	affected	by	short	term	Hh	pathway	
inhibition.	
(A,	B)	Cross	sections	show	K8+	(red)	FF	taste	bud	categories:	typical	FF	(A)	and	atypical	
FF	(B).	(C,	D)	The	number	and	width	of	K8+	typical	FF	and	atypical	FF	do	not	differ	
between	Vehicle	and	HhAntag	treated	mice	treated	for	3	days.	(E,	F)	After	7d	of	
HhAntag,	there	are	slightly	fewer	typical	FF	taste	buds	and	these	tend	to	be	smaller;	
these	differences	are	not	significant.		However,	atypical	FF	taste	buds	are	significantly	
increased.	Nuclei	are	counterstained	with	Draq5	(blue);	white	dashed	lines	delimit	the	
basement	membrane;	mc=	mesenchymal	core.	A	and	B	are	confocal	compressed	z-
stacks.	Scale	bars=10	μm.	N=2-3	mice	3	days	conditions;	N=3-4	mice	7	days	conditions;	
n=20-30	taste	buds	for	vehicle	or	30-40	for	HhAntag.	Data	are	represented	as	mean	±	
SD.	Student’s	t-test;	**P<0.01.		
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Similarly,	basal	progenitors	in	non-taste	epithelium	outside	of	FF	papillae	displayed	
very	low	Sox2-GFP	(GFPlo)	expression	in	both	control	and	drug-treated	tongues	(Fig	
4.2E-J	and	M-O,	arrows).	However,	Sox2-GFP	expression	was	significantly	altered	by	7	
days	of	HhAntag.	GFP	expression	was	virtually	absent	in	FF	papilla	walls	(Fig.	4.2P-R,	
arrowheads),	and	perigemmal	GFPhi	cells	were	no	longer	evident	(Fig.	4.2P-R,	
asterisks);	only	elongate	cells	within	taste	buds	remained	GFPhi	(Fig.	4.2P-R,	red).	To	
objectively	measure	GFP	expression	across	conditions,	we	quantified	Sox2-GFP	
corrected	fluorescence	in	papilla	walls	plus	taste	progenitors	(Fig.	4.2E-J	and	M-R,	
arrowheads	and	asterisks,	respectively),	and	in	K8+	taste	buds	(Fig.	4.2E-J	and	M-R,	red)	
(see	Materials	and	methods).	HhAntag	for	3	days	had	no	impact	on	Sox2-GFP	
expression	within	taste	buds	(Fig.	4.2K),	nor	in	the	compartment	including	papilla	walls	
plus	taste	progenitors	(Fig.	4.2L),	while	HhAntag	treatment	for	7	days	caused	a	
significant	decrease	in	Sox2-GFP	in	both	taste	buds	(Fig.	4.2S)	and	papilla	walls	plus	
taste	progenitors	(Fig.	4.2T).	
	 In	sum,	the	Sox2-GFP	reporter	recapitulates	the	published	pattern	of	Sox2	
immunoreactivity	in	adult	tongue	(Suzuki,	2008;	Okubo	et	al.,	2009).	Additionally,	the	
robust	decrease	in	Sox2-GFP	expression	observed	after	7	days	of	Hh	signaling	inhibition	
coupled	with	initial	mild	taste	bud	regression,	suggest	that	Hh	signaling	regulates	Sox2	
and	together	these	genes	regulate	adult	taste	bud	differentiation.	
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Figure	4.2.	Sox2-GFP	expression	is	reduced	in	taste	buds	and	papillae	in	mice	
treated	with	HhAntag.		
	
	 109	
	
	
	
	
	
	
Figure	4.2.	Sox2-GFP	expression	is	reduced	in	taste	buds	and	papillae	in	mice	
treated	with	HhAntag.		
(A,	C)	Whole	tongue	images	show	GFPhi	expression	localized	within	taste	buds	(insets,	
arrows)	and	GFPmid	in	papilla	walls	(insets,	arrowheads)	on	the	anterior	tongue.	(B)	
After	3	days	of	HhAntag	treatment,	GFPhi	expression	remains	within	taste	buds	(inset,	
arrow)	while	GFPmid	expression	appears	diminished	in	papilla	walls.	(D)	After	7	days	of	
HhAntag	treatment	there	are	fewer	GFPhi	taste	buds	and	GFPmid	expression	is	lost	from	
papillary	epithelium.	Sox2-GFP	expression	is	found	solely	within	buds	(inset,	arrow).	
(E-G,	M-O)	In	controls,	GFPhi/K8+	cells	are	present	in	taste	buds	and	GFPhi	/K8−	
perigemmal	cells	immediately	surround	taste	buds	(asterisks);	GFPmid	cells	are	
restricted	to	papilla	walls	(arrowheads).	(H-J)	After	3	days	of	HhAntag	treatment	GFPhi	
remains	in	K8+	taste	cells	and	K8−	perigemmal	cells	(asterisks),	as	well	as	GFPmid	in	
taste	papilla	walls	(arrowheads).		(K,	L)	At	3	days	Sox2-GFP	intensity	in	taste	buds	does	
not	differ	in	Vehicle-	versus	HhAntag-treated	mice,	while	there	is	a	small	but	not	
significant	intensity	decrease	in	papillary	epithelium.	(P-R)	After	7	days	of	HhAntag	
treatment,	GFPhi/K8+	taste	cells	are	reduced,	GFPhi	perigemmal	cells	are	lacking	
(asterisks)	and	GFP	expression	is	virtually	absent	in	papillary	epithelium	(arrowheads).	
(S,	T)	After7	days	of	HhAntag,	Sox2-GFP	intensity	is	significantly	reduced	within	taste	
buds,	perigemmal	cells	adjacent	to	buds	and	papilla	walls.	Nuclei	are	counterstained	
with	Draq5	(blue).	All	are	confocal	compressed	z-stacks.	A-D	scale	bars=1	mm;	E-P	
scale	bars=10	μm.	N=2-3	mice	3	days	conditions;	N=3-4	mice	7	days	conditions;	n=20-
30	taste	buds	and	papillae	for	Vehicle	or	30-40	for	HhAntag.	Data	are	represented	as	
mean	±	SD.	Student’s	t-test;	*P<0.05,	****P<0.0001.		
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Genetic	ablation	of	Sox2	in	K14+	progenitors	disrupts	taste	cell	differentiation	and	taste	
bud	maintenance		
	 Development	of	FF	papillae	and	taste	buds	is	affected	in	Sox2	hypomorphic	mouse	
embryos,	suggesting	that	Sox2	is	required	for	development	of	the	taste	system	(Okubo	
et	al.,	2006).	However,	it	is	unknown	if	the	adult	taste	system	requires	Sox2	for	
maintenance	and	renewal.	Thus,	we	decided	to	delete	Sox2	in	adult	tongue	epithelium	
employing	an	inducible	Cre-lox	system.	Sox2	deletion	was	accomplished	by	dosing	
K14+/CreER;Sox2flox/flox	mice	with	a	single	oral	gavage	of	tamoxifen	(Sox2cKO).	Previously,	
we	reported	that	Cre	expression	by	the	K14	allele	used	here	results	in	broad	but	
somewhat	mosaic	activation	of	reporter	gene	expression	within	the	lingual	progenitor	
population	(Castillo	et	al.,	2014).	Similarly,	here	we	found	that	Sox2	was	deleted	in	large	
subsets	of	K14+	progenitor	cells	and	their	daughters	when	we	examined	tongues	at	2,	7	
and	11	days	post-tamoxifen	induction.	Specifically,	using	Sox2	immunostaining,	we	
confirmed	that	Sox2	was	deleted	from	the	majority	of	the	lingual	epithelium,	although,	
small	Sox2+	cell	clusters	scattered	in	the	non-taste	epithelium,	and	some	Sox2/K8+	taste	
cells	remained	at	all	time	points	(Fig.	4.3C-H,	arrows).	
	 Sox2	is	expressed	at	low	levels	by	basal	progenitors	throughout	the	tongue	
epithelium,	including	those	of	the	taste	papilla	walls.	However,	epithelial	progenitors	
adjacent	to	taste	buds	express	higher	levels	of	Sox2	as	do	many	taste	bud	cells	(Fig.	
4.3A,	B)	(Okubo	et	al.,	2006;	Suzuki,	2008;	Okubo	et	al.,	2009).	By	2	days	post-
tamoxifen,	Sox2	expression	was	mostly	lost	from	the	non-taste	epithelium	(Fig.	4.3	and	
above),	and	high	Sox2	cells	were	no	longer	detected	perigemmally	in	Sox2cKO	mice	
(Fig.	4.3C,	D,	D’).	Surprisingly,	taste	bud	morphology	was	already	greatly	perturbed	by	2	
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days	in	Sox2cKO	tongues;	mutant	taste	buds	were	thinner	and	more	elongated,	lacked	a	
characteristic	onion-like	shape	and	contained	fewer	K8+	taste	cells	(Fig.	4.3C,	D,	D’;	
compared	with	A,	B,	B’	controls).	Moreover,	the	number	of	K8+	taste	buds	in	the	
anterior	1.5	mm	of	the	tongue	was	dramatically	reduced	in	mutants	compared	to	
controls	(Fig.	4.3I).	Following	this	initial	drastic	loss,	taste	buds	numbers	declined	more	
slowly	as	assessed	at	7	and	11	days	post-induction	of	Sox2cKO,	and	those	buds	that	
remained	were	distorted	(Fig.	4.3	E-H’,	J,	K).	Although	Sox2	immunoreactivity	was	
broadly	depleted,	any	of	these	remaining	taste	buds	were	Sox2+.	
	 These	data	support	the	hypothesis	that	Sox2	is	required	for	adult	taste	bud	
renewal.	However,	we	were	surprised	that	taste	buds	disappeared	so	rapidly	in	
Sox2cKO	mice,	as	in	rodents	taste	cells	renew	every	~10	days	(Beidler	and	Smallman,	
1965;	Farbman,	1980).	This	suggested	that	taste	bud	loss	was	not	simply	due	to	a	
failure	in	turnover,	but	were	actively	lost	in	the	absence	of	Sox2.		
Loss	of	Sox2	in	basal	progenitors	hinders	cell	differentiation	in	taste	and	non-taste	
epithelium		
	 We	reasoned	that	rapid	loss	of	taste	buds	in	the	absence	of	Sox2	might	be	due	to	
altered	cell	fate	specification	within	the	progenitor	population.	Hence,	we	next	
investigated	if	Sox2cKO	affects	differentiation	of	K14+	progenitors,	which	contribute	to	
renewal	of	both	taste	buds	and	non-taste	suprabasal	keratinocytes	throughout	the	
tongue.	In	control	taste	papillae,	K14+	basal	progenitors	are	found	lining	the	FF	papilla	
walls	and	immediately	adjacent	to	taste	buds	(Fig.	4.4A,	C,	E).	By	contrast,	as	early	as	2	
days	post	induction	in	Sox2cKO	mice,	K14+	cells	expand	above	the	basal	epithelial	layer		
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Figure	4.3.	Sox2	is	required	to	maintain	adult	taste	buds	and	fungiform	papillae.		
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Figure	4.3.	Sox2	is	required	to	maintain	adult	taste	buds	and	fungiform	papillae.		
(A,	B)	In	control	mice	(K14+/+;Sox2flox/flox),	Sox2	immunoreactivity	(green)	is	high	in	
many	taste	bud	cells	(K8,	red)	and	perigemmal	progenitor	cells.	Sox2	is	also	expressed	
at	low	levels	by	basal	progenitor	cells	in	papilla	walls	(white	arrows)	and	non-taste	
epithelium	(arrowheads).	(C,	D,	E,	F,	G,	H)	Conditional	deletion	of	Sox2	in	K14+	lingual	
progenitors	results	in	rapid	loss	of	K8+	taste	buds	and	FF	papillae	throughout	the	
anterior	tongue	following	induction	of	Cre	excision	of	Sox2	coding	sequence.	Cre	
activation	is	mosaic,	shown	by	very	rare	Sox2+	patches	in	lingual	epithelium	(red	
arrows)	and	within	taste	buds	(B’,	D’,	F’,	H’).	Further,	the	morphology	of	the	remaining	
FF	taste	buds	(K8,	red)	and	papillae	is	disrupted	in	Sox2cKO	mice;	taste	buds	have	
fewer	and	more	slender	taste	cells	(B’,	D’,	F’,	H’).	(I,	J,	K)	Within	2	days	of	Cre	activation,	
the	number	of	K8+	taste	buds	is	significantly	reduced	and	this	reduction	is	maintained	
at	7	and	11	days	post-tamoxifen.	Nuclei	are	counterstained	with	Draq5	(blue).	All	are	
fluorescent	images.	Scale	bars=50	μm.	N=3-5	mice	per	condition.	Data	are	represented	
as	mean	±	SD.	Student’s	t-test;	*P<0.05,	**P<0.01.	
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and	encroach	around	the	apical	taste	pores	of	FF	taste	buds	(Fig.	4.4B,	arrowheads).	By	
7	or	11	days	after	Cre	induction,	many	more	K14+	cells	populate	the	suprabasal	
epithelium	and	appear	to	enclose	and	overgrow	taste	buds	(Fig.	4.4D,	F).	Additionally,	
at	these	later	time	points,	K14+	cells	become	elongated	and	flattened,	in	contrast	to	the	
ovoid-shaped	basally	located	K14+	cells	of	controls	(Fig.	4.4D,	F,	red	arrows).	
	 As	Sox2	is	expressed	in	non-taste	epithelial	progenitors,	we	reasoned	that	cell	
differentiation	might	also	be	disturbed	throughout	the	tongue.	Mechanosensory	filiform	
papillae	with	small,	short	pits	between	them	make	up	the	majority	of	the	non-taste	
epithelium.	K14+	progenitors	in	control	tongues	were	found	surrounding	the	small	
mesenchymal	core	of	each	filiform	papilla	(Fig.	4.4G,	I,	K,	asterisks),	as	well	as	in	filiform	
papilla	per	se	(Fig.	4.4G,	I,	K,	arrows),	and	in	the	interpapillary	pits	(Fig.	4.4G,	I,	K,	IPPs).	
At	2	days	of	Sox2	deletion,	spinous-shaped	filiform	papillae	with	mesenchymal	cores	
were	present	(Fig.	4.4H,	arrows	and	asterisks),	however	the	IPPs	now	comprised	K14+	
progenitors	instead	of	K14−	differentiated	keratinocytes,	and	layers	of	K14+	cells	within	
the	IPPs	extended	to	the	tongue	surface	(Fig.	4.4H,	IPP).	At	7	and	at	11	days	of	
induction,	filiform	papillae	were	lost	altogether	and	K14+	progenitor	cells	expanded	
throughout	the	entire	depth	of	the	non-taste	epithelium	(Fig.	4.4J,	L).	
	 Progenitor	cells	continuously	proliferate	and	give	rise	to	differentiating	progeny	
to	maintain	tissue	homeostasis.	Thus,	to	determine	if	K14	progenitors	take	over	the	
lingual	epithelium	by	sustained	proliferation,	we	used	Ki67	to	detect	actively	cycling	
cells	in	tissue	sections	of	the	anterior	tongue	(Fig.	4.5A).	The	majority	of	progenitor	
cells	are	Ki67+	in	control	mice	(Fig.	4.5B,	D,	F	and	respective	insets),	and	these	
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Figure	4.4.	Loss	of	Sox2	in	K14+	progenitors	blocks	cell	fate	acquisition	of	taste	
and	non-taste	epithelial	cells.	
	
	 116	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.4.	Loss	of	Sox2	in	K14+	progenitors	blocks	cell	fate	acquisition	of	taste	
and	non-taste	epithelial	cells.	
	(A,	C,	E)	In	lingual	epithelia	of	control	mice,	K14+	progenitors	(green)	are	limited	to	the	
basal	epithelial	layer,	and	located	adjacent	to	taste	buds	(K8,	magenta).	(G,	I,	K)	
Similarly,	control	non-taste	epithelium	is	characterized	by	basally	located	K14+	
progenitors	in	filiform	papillae	(arrows)	and	interspersed	by	K14−	interpapillary	(IPP)	
regions.	Asterisks	mark	each	filiform	papilla	mesenchymal	core.	White	bar	represents	
distance	of	73	μm	from	the	basement	membrane	to	most	superficial	layers	of	the	
epithelium.	(B)	Within	2	days	of	Sox2	deletion	(Sox2cKO),	K14+	cells	(green)	are	found	
in	suprabasal	epithelial	layers	and	seem	to	overgrow	any	remaining	taste	buds	(K8,	
magenta).	(D,	F)	By	7	and	11	days	post-Sox2	deletion,	K14+	cells	make	up	most	of	the	
remaining	FF	epithelium,	and	appear	to	be	engulfing	taste	bud	remnants.	Many	K14+	
cells	acquire	an	atypical	appearance,	including	enlarged	cell	soma	with	elongated	K14+	
processes	(red	arrows).	(H,	J,	L)	In	non-taste	epithelium,	progressively	more	K14+	
progenitors	occupy	suprabasal	layers	and	by	7	and	11	days	of	Sox2cKO,	K14+	cells	span	
the	73	μm	thickness	of	the	entire	lingual	epithelium	(white	bar).	Filiform	papillae	are	
present	at	2	days	but	absent	at	7	and	11	days.	At	later	time	points,	the	majority	of	K14+	
cells	have	atypical	morphology	(red	arrows).	All	are	confocal	compressed	z-stacks.	
Scale	bars=10	μm.				
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proliferating	cells	are	restricted	to	the	basal	layer.	As	early	as	2	days	of	Sox2cKO,	
proliferating	cells	were	disorganized,	with	numerous	Ki67+	cells	found	in	suprabasal	
layers	of	the	epithelium.	With	prolonged	Sox2	loss,	progressively	more	proliferating	
cells	were	detected	both	basally	and	suprabasally	(Fig.	4.5C,	E,	G	and	respective	insets).	
	 Our	data	indicate	that	genetic	deletion	of	Sox2	in	lingual	progenitor	cells	impairs	
proper	taste	and	non-taste	cell	fate	specification,	and	promotes	overexpansion	of	
progenitor	cells	via	aberrant	proliferation.	The	coupling	of	these	cellular	events	may	
explain	the	swift	decrease	in	FF	taste	buds	and	loss	of	filiform	papillae.	
Conditional	deletion	of	Sox2	in	adult	lingual	epithelium	impairs	Shh-driven	taste	bud	
formation,	while	promoting	Shh-dependent	hyperplasia		
	 We	demonstrated	previously	that	Shh	over-expression	in	K14+	progenitors	cells	
induces	de	novo	formation	of	taste	buds	in	regions	of	the	lingual	epithelium	formerly	
thought	incapable	of	sustaining	taste	cell	differentiation	(Castillo	et	al.,	2014).	From	
these	studies	we	proposed	that	Shh	promotes	taste	bud	differentiation	from	lingual	
epithelial	progenitors.	Hence,	we	next	asked	whether	Shh	over-expression	in	K14+	
progenitors	can	drive	taste	cell	differentiation	in	the	absence	of	Sox2.	We	took	
advantage	of	our	Shh	conditional	knock-in	allele,	Shh-IRES-YFPcKI	(ShhcKI),	together	
with	Sox2cKO	to	drive	Shh	expression	and	Sox2	deletion	in	K14+	progenitors	of	adult	
K14+/CreER;RosaShh-IRES-YFPcKI;Sox2flox/flox	mice	(ShhcKI;Sox2cKO).	We	gave	ShhcKI;Sox2cKO	
mice	a	single	tamoxifen	dose	via	oral	gavage	and	analyzed	the	mutant	phenotype	at	11	
days.	In	genetic	control	mice	(RosaShh-IRES-YFPcKI;Sox2flox/flox),	FF	taste	buds	were	readily	
visible	on	the	dorsal	tongue	surface	as	clear	ovoids		interspersed	among	the	spinous		
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Figure	4.5.	Proliferation	is	disorganized	in	Sox2cKO	mice.		
(A)	To	quantify	proliferation	in	control	versus	mutant	tongues,	cross	sections	from	a	
representative	region	of	the	anterior	tongue	(480	μm	from	the	tip)	containing	FF	and	
filiform	papillae,	were	selected	from	each	mouse,	imaged	by	scanning	a	series	of	20x	
tiles	and	proliferation	visualized	using	Ki67-immunofluorescence.	(B,	D,	F)	As	expected,	
in	controls,	Ki67+	(red)	proliferative	cells	are	restricted	to	the	basal	layer	of	the	lingual	
epithelium	(B’,	D’,	F’).	(C,	E,	G)		Likewise,	in	Sox2cKO	mice,		Ki67+	cells	are	found	in	the	
basal	epithelium,	but	progressively		more	Ki67+	cells	are	found	suprabasal	layers	at	
progressive	times	post	Sox2cKO.	(C’,	E’,	G’,	arrowheads).	Nuclei	are	counterstained	with	
Draq5	(blue).	All	images	are	the	best	focus	sections.	B-G	scale	bars=1	mm;	B’-G’	scale	
bars=	125	μm.			
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filiform	papillae	(Fig.	4.6A,	arrowheads).	In	mutant	Shh-cKI;Sox2cKO	mice,	where	Shh	is	
over-expressed	and	Sox2	deleted	in	K14+	progenitors,	neither	FF	nor	filiform	papillae		
were	readily	apparent	on	the	tongue	surface	(Fig.4.6B).	This	impression	was	verified	in	
immunostained	cryosections	of	anterior	tongues	in	mutants	versus	controls.	In	Shh-
cKI;Sox2cKO	mice,	K8+	FF	taste	buds	and	papillae	were	completely	absent	(Fig.	4.6C),	in	
contrast	to	our	finding	that	ShhcKI	in	K14+	progenitors	in	the	presence	of	functional	
Sox2	resulted	in	ectopic	buds	(Castillo	et	al.,	2014).	Thus,	deletion	of	Sox2	prevents	Shh-
dependent	ectopic	taste	bud	formation;	a	result	consistent	with	our	previous	
observation	that	ectopically-induced	taste	buds	expressed	high	levels	of	Sox2	(Castillo	
et	al.,	2014).		
	 In	addition	to	taste	bud	cell	renewal,	the	K14	progenitor	population	is	responsible	
for	continual	renewal	of	differentiated	keratinocytes,	which	express	K13.	In	controls	
tongues,	differentiated	K13+	keratinocytes	comprise	the	suprabasal	lingual	epithelial	
layers,	while	proliferating	K14+	progenitors	reside	in	the	basal	compartment	(Fig.	4.6D,	
F	and	see	Fig.	4.4	and	4.5).	In	contrast	to	the	control	pattern,	in	ShhcKI;Sox2cKO	mice	
we	observed	hyperplastic	expansion	of	K14+	and	Shh-YFP+	cells	at	the	expense	of	
differentiated	K13+	kertinocytes,	as	well	as	of	taste	papillae	and	K8+	taste	buds	(Fig.	
4.6F,	G).	Importantly,	the	majority	of	Shh	over-expressing	cells	within	which	Sox2	was	
deleted,	were	actively	cycling	(Fig.	4.6G,	arrowheads).		
	 These	results	indicate	that	in	the	adult	tongue,	Shh-dependent	taste	bud	formation	
requires	Sox2	function.	Our	studies	also	reveal	that	Sox2	is	also	necessary	for	
differentiation	of	lingual	keratinocyes	and	lingual	epithelium	architectural	integrity.		
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Figure	4.6.	Overexpression	of	Shh	in	Sox2cKO	mice	does	not	rescue	taste	bud	
formation.		
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Figure	4.6.	Overexpression	of	Shh	in	Sox2cKO	mice	does	not	rescue	taste	bud	
formation.		
(A)	Dorsal	view	of	a	tongue	(pseudocolored	purple	for	optimal	contrast)	from	a	control	
mouse	(RosaShh-IRES-YFPcKI;Sox2flox/flox).	FF	papillae	with	resident	taste	buds	are	evident	as	
clear	ovals	(arrowheads)	embedded	within	the	spinous	filiform	papillae	that	cover	the	
majority	of	the	tongue	surface.	(B)	FF	papillae	are	not	detected	in	tongues	from	mice	11	
days	after	induction	of	Shh	over-expression	and	conditional	deletion	of	Sox2	in	K14+	
progenitors.	(C)	K8+	taste	buds	were	absent	in	the	anterior	1.5	mm	of	the	tongues	of	
ShhcKI;Sox2cKO	mice.	(D)	In	control	mice	basal	K14	progenitors	(blue)	give	rise	to	
differentiated	K13+	keratinocytes	(red)	that	are	found	suprabasally.	K14	taste	
precursors	are	adjacent	to	taste	buds	(encircled	by	solid	white	line).	(E)	Lingual	
epithelium	of	ShhcKI;Sox2cKO	mice	is	populated	almost	exclusively	by	K14+	cells	(blue)	
expressing	Shh-YFPcKI	(green)	at	the	expense	of	K13+	differentiated	cells	(red).	(F)	
Actively	cycling	cells	(Ki67,	red)	have	the	same	distribution	as	K14	progenitors,	i.e.	
adjacent	to	taste	buds	(delimited	by	solid	line)	and	positioned	basally.	(G)	In	the	
absence	of	Sox2,	Shh	over-expression	acts	as	a	mitogen	resulting	in	massive	
proliferation	and	increased	numbers	of	Ki67+	cells	(red,	arrowheads).	Nuclei	are	
counterstained	with	Draq5	(blue).	All	are	stack	images.	A	and	B	scale	bars=1	mm;	D-G	
scale	bars=10	μm.	N=1-2	mice	per	condition.	
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Discussion	
	 To	date	little	is	known	about	the	functional	role	of	Sox2	in	adult	lingual	
epithelium,	as	well	as	the	connection,	if	any,	between	Hh	signaling	and	Sox2.		
Specifically,	we	wanted	to	investigate	if	their	interaction	was	crucial	for	taste	and/or	
non-taste	epithelial	homeostasis.	Previously,	we	showed	that	Shh	overexpression	in	
K14+	progenitors	of	the	adult	non-taste	epithelium	results	in	elevated	Sox2	levels	and	
these	ectopic	patches	of	high	Shh/Sox2	expression	coincide	with	the	development	of	
ectopic	taste	buds.	These	findings	suggested	that	the	mechanism	by	which	Shh	
regulates	adult	tongue	epithelium	competence	and	taste	bud	homeostasis	is	by	fine-
tuning	Sox2	expression	levels.	
	 In	the	present	study	we	show	that	Hh	signaling	inhibition	results	in	rapid	
downregulation	of	Sox2	in	both	taste	progenitors	and	intragemmal	taste	bud	cells.	
Additionally,	Sox2	conditional	deletion	in	lingual	progenitor	cells	prevents	
differentiation	of	taste	cells	and	lingual	keratinocytes,	while	expanding	the	
undifferentiated	progenitor	cell	population.	Finally,	we	demonstrate	that	Shh	functions	
as	a	mitogen	rather	than	a	pro-taste	bud	differentiation	factor	in	the	absence	of	Sox2.	
Together,	these	results	demonstrate	that	Sox2	is	downstream	of	the	Hh	signaling	
cascade	and	that	Sox2	is	essential	for	translating	Hh	activity	into	the	appropriate	
cellular	output.		 	
	 First,	we	sought	out	to	elucidate	if	acute	use	of	an	HPI	impacts	taste	bud	
maintenance	as	chronic	administration	of	HPIs	in	humans	and	mice	affects	the	taste	
system	(Chapter	III)	(LoRusso	et	al.,	2011;	Tang	et	al.,	2012;	Rodon	et	al.,	2014;	Kumari	
et	al.,	2015;	Yang	et	al.,	2015).	We	found	after	a	week	of	HhAntag	treatment,	that	taste	
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bud	number	and	size	trended	downward,	while	the	incidence	of	atypical	FF	papillae	
was	significantly	increased.	Even	though	these	differences	were	small	or	not	
statistically	significant,	they	nonetheless	suggested	that	molecular	mechanisms	
regulating	taste	cell	renewal	were	already	affected	by	7	days	but	had	not	yet	been	
translated	into	a	cellular	phenotype.	 	
	 In	the	adult	tongue,	Sox2	is	highly	expressed	in	perigemmal	cells	and	in	a	subset	of	
intragemmal	taste	bud	cells,	whereas	Sox2	expression	is	low	in	the	basal	keratinocytes	
of	the	non-taste	epithelium	(Okubo	et	al.,	2006;	Suzuki,	2008;	Okubo	et	al.,	2009).	In	
adult	mice,	after	transection	of	the	glossopharyngeal	nerve	that	innervates	the	
posterior	circumvallate	taste	papilla,	Sox2	expression	in	taste	progenitors	and	taste	
buds	disappears	along	with	taste	buds	per	se.	Nerve	regeneration	leads	to	reappearance	
of	high	levels	of	Sox2	expression	in	perigemmal	cells	followed	by	expression	within	the	
regenerating	taste	buds	(Suzuki,	2008),	suggesting	Sox2	is	involved	in	adult	taste	bud	
regeneration.	Monitoring	Sox2	activity	via	Sox2-GFP	expression	in	HhAntag	treated	
mice,	we	found	Sox2	expression	was	significantly	decreased	within	FF	taste	epithelium	
within	7	days	of	drug	treatment.	Interestingly,	in	our	Hh	signaling	inhibition	
experiments,	we	detected	a	greater	effect	on	Sox2-GFP	expression	in	the	perigemmal	
progenitors	compared	to	Sox2-GFP	inside	taste	buds,	which	aligns	with	the	perigemmal	
pattern	of	recovery	of	Sox2	expression	prior	to	posterior	taste	bud	regeneration	after	
denervation	(Suzuki,	2008).	In	sum,	these	data	support	the	idea	that	blocking	Hh	
signaling:	(1)	triggers	downregulation	of	Sox2	expression	in	Hh	responding	perigemmal	
progenitors;	followed	by	(2)	loss	of	Sox2	expression	in	mature	taste	cells;	and	finally	(3)	
taste	bud	regression.		
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	 Prior	studies	have	suggested	that	Sox2	is	required	but	not	sufficient	for	embryonic	
taste	bud	formation.	Sox2	hypomorphic	embryos,	which	express	~20%	of	normal	Sox2	
levels,	fail	to	form	differentiated	taste	buds	at	birth,	while	gain-of-function	experiments	
failed	to	induce	taste	bud	differentiation	(Okubo	et	al.,	2006).	Our	findings	extend	a	
requirement	for	Sox2	to	adult	taste	bud	renewal,	as	loss	of	Sox2	in	adult	tongue	
progenitors	causes	taste	bud	deterioration.	Compared	to	the	effect	of	Hh	signaling	
inhibition,	however,	Sox2	deletion	prompts	an	extremely	rapid	decline	in	taste	
epithelium;	taste	bud	regression	is	already	evident	within	2	days	of	conditional	
deletion.	In	sum,	these	data	are	consistent	with	a	model	where	Sox2	functions	
downstream	of	Hh	pathway	activation	to	regulate	taste	bud	renewal.	However,	we	
strongly	suspect	that	other	signals	participate	in	Sox2	regulation.		
	 A	recent	comprehensive	study	by	Arnold	et	al.,	showed	that	Sox2	is	expressed	in	
many	adult	mouse	epithelial	tissues	(e.g.	tongue,	lungs,	lens,	glandular	stomach,	
esophagus,	forestomach,	and	anus)	where	it	marks	basally	situated	progenitor	cells	
(2011).	Using	mice	engineered	to	express	a	truncated	thymidine	kinase	gene	in	the	
Sox2	locus	that	when	treated	with	ganciclovir	kills	Sox2+	cells	cell	autonomously,	this	
group	showed	that	loss	of	Sox2+	basal	cells	in	the	tongue	and	oral	mucosa	resulted	in	
inflammation,	ulcers	and	edema	in	the	oral	cavity	(Arnold	et	al.,	2011).	Our	data	
complement	this	study,	as	loss	of	Sox2	in	tongue	progenitors	alters	adult	lingual	
epithelium	homeostasis	by	promoting	K14+	progenitor	proliferation	and	impeding	taste	
and	non-taste	cell	fates.	However,	our	results	contrast	with	reports	that	hypomorphic	
Sox2	expression	did	not	affect	differentiation	of	filiform	papillae	and	progenitor	
proliferation	in	embryos	(Okubo	et	al.,	2006),	as	well	as	that	stratified	epithelial	layers	
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in	the	tongue	are	unaltered	by	ablation	of		Sox2+	progenitors	in	adults	(Arnold	et	al.,	
2011).	The	discrepancies	with	the	developmental	study	might	be	due	to	a	more	limited	
function	of	Sox2	in	embryonic	lingual	epithelium,	as	opposed	to	the	broader	role	for	
Sox2	in	adult	tongue,	where	we	show	it	is	required	for	both	taste	and	non-taste	
epithelium.	Our	findings	parallel	those	from	studies	of	Sox2+	dental	epithelial	cells	that	
contribute	to	all	epithelial	cell	lineages	of	the	mouse	incisor	(Juuri	et	al.,	2012).	
Regarding	the	adult	study,	however,	is	possible	that	our	genetic	Sox2	deletion	is	more	
robust	than	the	ganciclovir	cytotoxic	approach,	which	is	supported	by	the	very	few	Sox2	
immunoreactive	cells	that	remain	the	tongue	using	our	genetic	system	(see	Fig.	4.2).	
	 Our	data	support	a	model	in	which	Hh	controls	tongue	epithelium	homeostasis	by	
regulating	Sox2	levels	in	lingual	progenitors.	In	support	of	this	hypothesis,	in	adult	FF	
taste	buds,	the	perigemmal	cells	that	highly	express	Sox2	are	also	Gli1+,	and	are	directly	
affected	by	LDE225,	an	HPI	(Liu	et	al.,	2013;	Kumari	et	al.,	2015).	Furthermore,	a	Sox2-
Shh	link	has	been	reported	in	embryonic	tongues,	where	both	genes	are	coexpressed	in	
placodes	of	the	developing	taste	papillae,	and	thus	Sox2	and	Shh	may	also	interact	in	
taste	bud	development.	Imbalance	between	several	signaling	circuits	including	Shh	and	
Sox2	causes	elevated	levels	of	Sox2	in	cells	that	normally	differentiate	into	
keratinocytes	and	in	some	cases	these	cells	appear	to	form	taste	buds	(Beites	et	al.,	
2009).	A	direct	relationship	of	Shh	and	Sox2	has	been	documented	in	telencephalic	
neuroepithelial	cells,	in	which	Sox2	expression	is	under	the	control	of	Gli2	transcription	
factor	(Takanaga	et	al.,	2009).	Further,	in	non-small	cell	lung	cancer	stem	cells,	Gli1	was	
found	to	bind	to	the	promoter	region	and	regulate	Sox2	transcription	(Bora-Singhal	et	
al.,	2015).	
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	 To	test	the	requirement	of	Sox2	downstream	of	Hh	in	inducing	taste	bud	
differentiation,	we	overexpressed	Shh	in	lingual	epithelium	progenitors	and	
simultaneously	deleted	Sox2.	We	found	that	instead	of	inducing	ectopic	taste	buds,	Shh	
activated	hyperproliferation	of	K14+	basal	progenitors	and	blocked	taste	and	non-taste	
epithelial	differentiation.	The	tongue	epithelial	architecture	was	profoundly	changed,	
developing	into	a	hyperplastic	basal	cell	carcinoma-like	phenotype	(Oro	et	al.,	1997;	
Kasper	et	al.,	2012;	Wong	and	Dlugosz,	2014).	Shh	has	been	shown	to	function	as	a	
mitogen	in	a	variety	of	tissues	under	homeostasis.	In	mouse	lung	morphogenesis	and	
development,	Shh	regulates	cell	proliferation	of	the	epithelium	and	mesenchyme	
(Bellusci	et	al.,	1997).	In	the	anagen	hair	follicle,	transit	amplifying	progeny	signal	via	
Shh	to	the	quiescent	stem	cell	pool	to	proliferate	for	continual	hair	regeneration	(Hsu	et	
al.,	2014),	and	conditional	Shh	signaling	activation	in	the	adult	brain	results	in	
expansion	of	neural	stem	cells	at	the	expense	of	their	progeny	(Ferent	et	al.,	2014).	
Moreover,	several	types	of	cancers	are	associated	with	mutations	of	the	Hh	pathway,	
including	Gorlin	Syndrome	(or	nevoid	basal	cell	carcinoma	syndrome),	sporadic	basal	
cell	carcinoma,	medulloblastoma	and	rhabdomyosarcoma	(Rubin	and	de	Sauvage,	
2006;	Jiang	and	Hui,	2008;	Ng	and	Curran,	2011;	Petrova	and	Joyner,	2014);	and	in	a	
mouse	model,	Shh	overexpression	in	K14+	cells	in	the	skin	causes	formation	of	basal	cell	
carcinoma	tumors	(Oro	et	al.,	1997).		Interestingly,	in	the	tongue	epithelium,	Shh	over-
expression	alone	induces	taste	bud	differentiation,	and	only	in	the	absence	of	Sox2,	
does	Shh	expression	causes	massive	hyperproliferation	and	basal	cell	expansion,	
characteristic	of	basal	cell	carcinomas.	
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	 In	summary,	our	results	demonstrate	that	in	the	adult	tongue,	Hh	signaling	
functions	through	Sox2,	and	that	Sox2	is	required	for	maintenance	and	renewal	of	both	
taste	buds	and	non-taste	lingual	epithelium.	Overall,	our	findings	suggest	Sox2	is	a	
molecular	gatekeeper	of	Hh	signaling	and	possibly	other	signaling	pathways	in	the	adult	
tongue.	Going	forward,	determining	whether	Sox2	is	a	direct	or	indirect	downstream	
target	of	the	Hh	signaling,	and	identifying	other	pathways	involved	in	Sox2	regulation	
will	advance	our	understanding	of	the	crucial	molecular	mechanisms	for	lingual	
epithelium	homeostasis.	
Materials	and	methods		
Animals		
	 Male	and	female	mice	were	all	on	a	mixed	background.	Mouse	lines	used	include	
combinations	of	the	following	alleles	or	transgenes:	Sox2GFP(Arnold	et	al.,	2011),	
K14CreER	(Li	et	al.,	2000),	Sox2flox	(Shaham	et	al.,	2009),	R26RShh-IRES-YFPcKI	(Castillo	et	al.,	
2014).	Mice	were	6-12	weeks	of	age	at	the	start	of	each	experiment	and	data	for	this	
study	were	gathered	from	at	least	3	mice	per	time	point.	Mice	were	genotyped	as	
previously	described	(Shaham	et	al.,	2009;	Arnold	et	al.,	2011;	Castillo	et	al.,	2014)	and	
rodent	work	was	done	in	accordance	to	approved	protocols	by	the	Institutional	Animal	
Care	and	Use	Committee	at	the	University	of	Colorado	Anschutz	Medical	Campus	and	
University	of	California	San	Francisco.		
HhAntag	administration		
	 HhAntag	was	prepared	as	described	by	Yauch	et	al.	(2008)	and	was	administered	
to	Sox2GFP	mice	via	oral	gavage	twice	daily	at	a	dose	of	100	mg/kg	for	3	or	7	days.		
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Tamoxifen	induction	of	Cre		
	 To	delete	Sox2	in	lingual	epithelial	cells	by	Cre	activation,	K14CreER;Sox2flox/flox	mice	
were	gavaged	once	with	a	dose	of	5	mg	tamoxifen	(T5648,	Sigma)	dissolved	in	corn	oil;	
mice	were	sacrificed	2,	7	or	11	days	from	the	start	of	the	experiment.	To	misexpress	
Shh	and	delete	Sox2	in	lingual	epithelial,	K14CreER;R26RShh-IRES-YFPcKI;Sox2flox/flox	mice	
received	a	single	tamoxifen	dose	of	5	mg	and	tissue	was	collected	11	days	post-
tamoxifen	induction.		
Tissue	preparation		
	 Harvested	tongues	were	fixed	by	immersion	or	perfusion.	Immersion-fixation:	
animals	were	euthanized	by	CO2	inhalation	followed	by	cervical	dislocation.	Tongues	
were	dissected,	rinsed	in	sterile	ice-cold	1x	Phosphate	Buffered	Saline	(PBS),	and	
immerse	in	4%	paraformaldehyde	(PFA)	in	0.1	M	PBS	overnight	at	4°C.	Tissue	was	
embedded	in	Tissue-Tek®	O.C.T.™	Compound	(4583,	Sakura),	frozen,	and	stored	at	
−80°C.	Perfusion-fixation:	animals	were	anesthetized	by	i.p.	injection	of	250	mg/kgbody	
weight	Avertin	(2,2,2-Tribromoethanol)	and	transcardially	perfused	with	Periodate-
Lysine-Paraformaldehyde	(PLP)	(Pieri	et	al.,	2002).	Dissected	tongues	were	post-fixed	
in	PLP	for	3	hours	at	4°C	and	then	cryoprotected	in	20%	sucrose	in	1x	Phosphate	Buffer	
(PB)	overnight	at	4°C.	Tissue	was	embedded	in	Tissue-Tek®	O.C.T.™	Compound,	frozen,	
and	stored	at	−80°C.	Processing	of	immersion	or	perfusion-fixed	tongues	was	restricted	
to	the	anterior	1.5	mm	of	the	tongue	with	a	high	density	of	fungiform	papillae.		Eight	
sets	of	serial	cryosections	(12	μm)	per	tongue	were	collected	on	Superfrost	Plus	Slides	
(12-550-15,	Fisher	Scientific).		
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Immunofluorescence		
	 Immunofluorescence	was	performed	on	immersion	or	perfusion-fixed	12	μm	
cryosections	as	described	(Nguyen	and	Barlow,	2010).	Primary	antisera	and	dilutions:	
rat	anti-K8	(Troma)	(1:250;	Developmental	Studies	Hybridoma	Bank,	University	of	
Iowa),	chicken	anti-GFP	used	to	detect	GFP	or	YFP	(1:1000;	GFP-1020,	Aves	Labs),	goat	
anti-SOX2	(1:500;	sc-17320,	Santa	Cruz),	rabbit	anti-K14	(1:3500;	PRB-155P,	Covance),	
rabbit	anti-Ki67	(1:200;	RM-9106-S,	Thermo	Scientific)	and	guinea	pig	anti-K13	(1:500;	
BP5076,	Acris	Antibodies).	Appropriate	secondary	antisera	from	Thermo	Fisher	
Scientific	(A11006,	A11081,	A21247,	A21208,	A11039,	A11055,	A11008,	A11010,	
A21245,	A21206,	A31573,	S11225,	A11073),	Jackson	ImmunoResearch	(712-165-153,	
712-605-150)	and	Vector	Laboratories	(PK-6101)	were	used	at	1:1000	(host:	goat),	
1:800	(host:	donkey),	and	1:500	(rabbit	IgG	biotinylated).	Sections	were	counterstained	
with	Draq5	(1:8000;	108410,	AbCam)	or	Dapi	(1:10000;	D3571,	Thermo	Fisher	
Scientific),	and	coverslipped	with	Fluormount	G	(0100-01,	SouthernBiotech)	or	
ProLong	Gold	Antifade	(P36930,	Thermo	Fisher	Scientific).		
Image	acquisition	and	analysis		
	 Fluorescence	and	bright-field	images	were	acquired	using	a	Zeiss	Axioplan	II	
microscope	or	an	Olympus	SZX12	stereo	microscope,	a	Retiga	4000R	camera	with	Q-
Capture	Pro-7	software	or	a	Axiocam	CCD	camera	with	Axiovision	software.	Confocal	
images	were	obtained	as	a	Z-stack	of	0.76	μm	optical	sections	acquired	sequentially	
using	a	Leica	TCS	SP5	II	confocal	microscope	with	LASAF	software.	Whole	section	
scannings	were	acquired	sequentially	using	a	Leica	DFC	365FX	camera	on	a	Leica	
DM6000B	microscope	with	the	imaging	software,	Surveyor	by	Objective	Imaging.	A	
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series	of	20x	images	were	obtained	for	each	color	channel	(Texas	Red,	Fitc,	Cy-5),	
aligned	and	stitched	together	using	the	Best	Focus	option	in	the	Surveyor	software.	The	
final	rendering	is	a	mosaic	RGB	image	of	each	section.	The	most	anterior	1.5	mm	of	each	
tongue	was	collected	on	8	serial	sets	of	16	cryosections	and	single	series	were	used	for	
the	different	immunomarkers.	Each	fungiform	taste	bud	was	counted	if:	(1)	it	was	
found	within	a	papilla	and	(2)	it	housed	at	least	1	K8-immunoreactive	(K8+)	cell	with	a	
nuclear	profile.	Additionally,	fungiform	taste	buds	were	categorized	as	follows	(and	see	
Fig.	4.3F,	G):	(1)	Typical	Fungiform	Papilla	and	Taste	bud	(Typical	FF):	papilla	
consisting	of	epithelial	invagination	into	the	mesenchyme,	where	a	mesenchymal	core	
is	outlined	by	a	basal	epithelial	layer;	the	papilla	apex	has	a	plateau-like	surface	housing	
a	single	taste	bud.	Each	taste	bud	has	a	characteristic	onion-like	shape	composed	of	
fusiform	cells.	(2)	Atypical	Fungiform	Papilla	and	Taste	bud	(Atypical	FF):	papilla	and	
mesenchymal	core	are	narrow;	the	papilla	apex	is	filiform	and	houses	a	single	taste	bud.	
The	taste	bud	is	narrow	and	has	fewer	taste	cells;	the	remaining	taste	cells	have	a	
stretched	appearance	(Oakley	et	al.,	1990;	Nagato	et	al.,	1995).	All	taste	buds	in	either	
type	of	papillae	were	tallied	and	assigned	a	number.	Typical	and	atypical	FF	taste	buds	
were	analyzed	separately.	We	measured	the	corrected	integrated	density	(CID)	of	Sox2-
GFP	immunofluorescence	from	z-stacks	using	ImageJ	(NIH).	We	established	a	region-of-
interest	(ROIa)	encompassing	each	K8+	taste	bud.	Next	we	quantified	Sox2-GFP	CID	
within	the	ROIa	to	obtained	Sox2-GFP	corrected	fluorescence	within	each	taste	bud.	To	
quantify	Sox2-GFP	corrected	fluorescence	within	each	fungiform	papillae,	we	set	a	new	
ROI	(ROIb)	delimiting	the	papilla	walls	and	taste	bud.	However	in	ROIb	we	masked	the	
area	corresponding	to	ROIa	and	quantified	Sox2-GFP	CID	within	the	ROIb−a	to	obtained	
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Sox2-GFP	corrected	fluorescence	within	each	papilla.	CID	was	obtained	using	the	
following	calculation:	Corrected	integrated	density	=	Integrated	density	–	(Area	
selected	×	Mean	value	of	background)	(Gavet	and	Pines,	2010).	
	 For	whole	section	analysis	of	cell	proliferation	by	Ki67	immunoreactivity,	ImageJ	
(NIH)	was	used	to	measure	the	area	and	percent	area	of	Ki67+	cells	in	lingual	
epithelium.	Representative	sections	were	selected	from	a	region	of	the	tongue	where	
fungiform	and	filliform	papillae	are	adequately	distributed	for	the	analysis.	This	region	
of	the	tongue	is	located	480	μm	from	the	tip	of	the	tongue.	Each	whole	section	was	
designated	as	the	ROI	in	which	the	mesenchymal	compartment	was	masked	to	avoid	
quantification	of	stromal	Ki67+	signal	and	a	fixed	threshold	value	was	applied	during	
the	analysis	to	avoid	detection	of	unspecific	Ki67+	signal	(see	Fig.	4.5).	
Statistical	analysis	
Data	were	analyzed	using	two-tailed	Student’s	t-test	with	Welch’s	correction.	
Significance	was	taken	as	P	<	0.05	with	a	confidence	interval	of	95%.	Data	are	
presented	as	mean	±	SD.		
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CHAPTER	V	
SUMMARY	AND	FUTURE	DIRECTIONS	
	 The	adult	lingual	epithelium	is	one	of	the	fastest	and	most	efficient	self-renewing	
organs	in	mammals.	In	addition	to	maintaining	the	epithelium	under	homeostasis,	the	
tongue	is	exposed	to	chemical	and	mechanical	insults	on	a	daily	basis,	which	exert	a	
requirement	for	continual	regeneration	in	the	face	of	chronic	minor	injuries	throughout	
life.	Basally	located	bipotent	progenitor	cells	in	the	lingual	epithelium	rapidly	
proliferate	to	maintain	the	progenitor	pool,	as	well	as	generate	daughter	cells	that	then	
differentiate.	In	the	non-taste	epithelium,	progenitor	cells	give	rise	to	keratinocytes	that	
make	up	the	suprabasal	layers	and	contribute	to	mechanosensory	filiform	papillae	
(Hume	and	Potten,	1976).	The	more	complex	and	specialized	taste	epithelium	consists	
of	gustatory	organs	known	as	taste	buds.	Taste	buds	are	aggregates	of	~60-100	
neuroepithelial	cells	that	sense	chemical	stimuli	and	thereby	allow	identification	of	
nutritious	substances	for	consumption	or	potentially	toxic	materials	to	avoid	
(Kapsimali	and	Barlow,	2012).	In	mammals,	lingual	taste	buds	reside	within	3	types	of	
epithelial	appendages	called	taste	papillae:	fungiform	papillae	are	arrayed	on	the	
anterior	tongue,	whereas	foliate	papillae	and	a	single	circumvallate	papilla	in	rodents	
reside	posteriorly	(Mistretta,	1991).	The	rapid	renewal	of	the	adult	tongue	epithelium,	
combined	with	its	diverse	cellular	compartments	and	dynamic	cell	kinetics,	offer	a	
vibrant	system	to	address	questions	that	have	remained	elusive,	i.e.,	what	are	the	
molecular	regulators	responsible	for	maintenance	and	renewal	of	this	complex	
functional	epithelium.	Establishing	the	precise	role	of	Shh	and	Sox2	activity	in	renewal	
of	adult	lingual	epithelium	likely	will	uncover	novel	cellular	and	molecular	mechanisms	
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of	regeneration;	these	new	insights	will	be	potentially	useful	for	mitigating	cancer	
patients’	taste	loss,	and	for	regenerative	medicine	as	a	whole.	
Shh	is	sufficient	and	required	for	taste	progenitor	differentiation	and	taste	bud	
formation	
Shh	signaling	serves	multiple	roles	during	embryogenesis	and	adulthood,	e.g.	in	
tissue	patterning,	cell	proliferation,	and	differentiation	of	progenitor/stem	cells.	Shh’s	
role	in	taste	development	has	been	well-studied,	where	it	functions	in	patterning	the	
early	taste	placodes	by	repressing	taste	field	expansion	(Hall	et	al.,	2003;	Mistretta	et	
al.,	2003;	Iwatsuki	et	al.,	2007),	and	establishing	the	early	taste	precursors	that	will	give	
rise	to	the	first	adult	taste	cells	(Thirumangalathu	et	al.,	2009).	Only	recently	has	the	
role	of	Shh	function	in	maintenance	and	renewal	of	the	adult	taste	system	been	
explored.		
Shh	overexpression	in	adult	non-taste	epithelium	is	sufficient	to	drive	taste	bud	
formation	independent	of	innervation	
In	Chapter	2	(Castillo	et	al.,	2014),	we	showed	that	Shh	is	sufficient	to	induce	
formation	of	taste	buds	from	adult	lingual	epithelium	progenitors	in	vivo.	Using	an	
inducible,	tissue-specific	Cre-lox	system	we	drove	expression	of	Shh	in	K14+	
progenitors	cells.	Besides	causing	Shh	over-expression	in	K14+	cells,	our	knock-in	allele	
SHH-IRES-YFPcKI	(SHH-YFPcKI)	reports	Shh	expression	via	nuclear	YFP	protein.	
Induction	by	a	single	tamoxifen	dose	resulted	in	mosaic	expression	of	Shh-YFP	in	taste	
papilla	epithelium	and	lingual	keratinocytes.	Unexpectedly,	ectopic	Shh	expression	
induced	ectopic	taste	buds	in	the	non-gustatory	lingual	epithelium,	a	condition	never	
encountered	in	wild	type	mice.	Tongues	examined	for	K8+	taste	cells	up	to	one	month	
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post-induction	revealed	numerous	K8+	cell	clusters	within	Shh-YFP	patches	outside	of	
fungiform	papillae.	Further,	using	markers	of	all	3	differentiated	taste	cell	types,	we	
found	type	I,	II	and	III	taste	cells	in	these	ectopic	cell	clusters,	demonstrating	that	these	
clusters	were	indeed	taste	buds.		
	 As	taste	bud	differentiation	and	maintenance	are	thought	to	be	nerve-dependent,	
we	assessed	if	formation	of	ectopic	buds	was	likewise	nerve-dependent.	
Immunostaining	for	P2X2,	a	marker	of	gustatory	innervation,	revealed	abundant	
neurites	restricted	to	fungiform	buds;	P2X2+	fibers	were	never	anywhere	near	ectopic	
buds.	However,	using	PGP9.5,	a	general	marker	of	lingual	nerve	fibers,	many	ectopic	
buds	were	devoid	of	innervation,	however	neurites	were	also	often	found	in	the	vicinity	
of	ectopic	buds.	Therefore,	we	developed	an	unbiased,	automated	MATLAB	script	to	
quantify	PGP9.5+	neurites	in	and	around	K8+	taste	buds.	We	found	no	relationship	
between	innervation	and	the	presence	of	ectopic	taste	buds,	controverting	the	general	
consensus	that	innervation	is	required	for	adult	taste	bud	differentiation.	Moreover,	we	
demonstrated	that	Shh	supplied	via	local	epithelial	cells	is	sufficient	to	drive	
differentiation	of	the	entire	complement	of	taste	bud	cells	in	ectopic	locations	and	we	
hypothesized	that	Shh’s	pro-differentiation	function	obviated	the	nerve	requirement	for	
maintenance	of	ectopic	taste	buds.	
Several	questions	remain	unanswered,	such	as:	can	ectopic	taste	buds	induced	in	
non-taste	epithelium	eventually	recruit	innervation	and	thus	become	functional?	
During	development	of	the	nervous	system,	Shh	participates	in	commissural	neuron	
axon	guidance	to	the	floor	plate,	and	functions	as	a	chemoattractant	for	isolated	axons	
in	vitro.	Blocking	Shh	activation	of	Smo	by	cyclopamine	or	Smo	genetic	inactivation	
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disrupts	receipt	of	the	Shh	chemoattractant	cue	and	results	in	improper	projections	of	
commissural	axons	(Charron	et	al.,	2003;	Charron	and	Tessier-Lavigne,	2005;	Sánchez-
Camacho	and	Bovolenta,	2009).	Peripheral	nerve	injury	experiments	in	adult	rodents	
indicate	that	Shh	upregulation	after	axotomy	facilitates	nerve	regeneration	(Akazawa	et	
al.,	2004;	Martinez	et	al.,	2015),	suggesting	Shh	can	influence	nerve	growth	and	
architecture.	Even	though	Shh-induced	ectopic	taste	buds	are	not	innervated	by	28	days	
after	tamoxifen	induction,	recruitment	of	innervation	to	ectopic	buds	may	not	take	
place	until	appropriate	levels	of	Shh	are	reached	in	the	surrounding	epithelium.	Thus,	
Shh	could	function	as	an	axonal	chemoattractant	as	well	as	a	pro-differentiation	factor.	
To	test	this	idea,	we	could	assess	the	extent	of	P2X2+	and	PGP9.5+	innervation	of	ectopic	
taste	buds	at	times	later	than	28	days	post-Shh	activation.	The	mosaicism	of	the	
K14CreER	driver	system	might	be	an	issue,	since	it	is	possible	that	Shh	expression	will	
not	be	robust	enough	to	observe	the	predicted	phenotype	at	later	time	points.	An	
alternative	approach	could	be	to	increase	the	number	of	tamoxifen	doses,	as	it	results	in	
more	Cre	activation.	From	previous	experience,	we	know	that	mice	tolerate	daily	
tamoxifen	gavage	over	as	many	as	8	consecutive	days	(Gaillard	et	al.,	2015),	however	an	
additional	option	is	to	administer	tamoxifen	in	water,	which	the	animals	tolerate	for	as	
long	as	3	weeks	(Miura	et	al.,	2014).	
Paradoxically,	our	pilot	data	in	adult	mice,	and	not	reported	in	Chapter	II,	show	
that	by	inducing	constitutive	expression	of	Shh	in	K14+	progenitor	cells	in	lingual	
epithelium,	we	observe	two	completely	distinct	phenotypes,	dependent	on	the	type	of	
epithelium	(taste	versus	non-taste).	Mutant	tongues	examined	at	7,	14,	21	and	28	days	
after	induction	revealed	that	Shh	over-expression	in	the	taste	epithelium	(i.e.	FF	
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papillae)	rather	than	promote	taste	differentiation	actually	led	to	a	reduction	in	the	
number	and	size	of	FF	taste	buds	compared	to	control	animals	(Fig	5.1).	This	finding	
begs	the	question:	does	too	much	Shh	in	taste	epithelium	repress	taste	progenitor	
maintenance	and/or	taste	cell	differentiation?;	perhaps	instead	favoring	proliferation	of	
progenitors	or	specification	of	progeny	to	a	non-taste	fate.	
The	Shh	pathway	has	been	implicated	in	the	maintenance	of	progenitor/stem	cells	
in	many	adult	epithelial	tissues.	Notably,	abnormal	pathway	activation	due	to	mutations	
of	pathway	components	(Ptch	and	Smo)	or	constitutive	Shh	ligand	expression	cause	
uncontrolled	growth	and	survival	of	a	wide	variety	of	cancers,	including	carcinomas,	
medulloblastomas,	gliomas	and	hematopoietic	neoplasms	(Oro	et	al.,	1997;	
Villavicencio	et	al.,	2000;	Jiang	and	Hui,	2008;	Ng	and	Curran,	2011).	These	findings	
have	led	to	a	model	where	constitutive	activation	of	the	pathway	maintains	tumor	stem	
cells	in	an	undifferentiated	and	proliferative	state.	Our	pilot	data	suggest	that	Shh	
abundance	in	taste	epithelium	may	have	the	same	effect,	where	high	levels	of	Shh	
negatively	impacts	FF	taste	buds	due	to	repression	of	differentiation	of	the	progenitor	
pool,	which	in	turns	may	result	in	their	excess	proliferation.	
In	order	to	test	if	Shh	overexpression	affects	taste	progenitor	proliferation,	I	
would	use	the	same	SHH-YFPcKI	mouse	line.	SHH-YFPcKI	mice	would	be	given	a	single	
oral	gavage	dose	of	tamoxifen	and	then	tongues	harvested	at	28,	60	and	90	days	after	
induction	to	determine	if	there	is	a	Shh	dose/chase	time-dependent	phenotype.	The	
harvested	anterior	tongue	would	be	examined	via	immunofluorescence	for	markers	of	
proliferation	(Ki67),	epithelial	progenitors	(K14)	and	taste	buds	(K8).		Then	I	would		
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Figure	5.1.	Shh	overexpression	in	K14+	taste	progenitor	cells	repress	fungiform	
taste	buds	maintenance.	
(A)	K8+	taste	bud	number	progressively,	albeit	not	significantly,	decreases	in	mutants.	
(B)	Taste	bud	size,	measured	by	K8+	pixel	density	within	taste	buds,	was	significantly	
reduced	compared	to	controls	at	every	post-tamoxifen	time	point.	Data	are	represented	
as	mean	±	SD.	One-way	ANOVA;	*P<0.05,	**P<0.01,	***P<0.001.		
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compare	the	number	of	dividing	progenitors	and	the	number	of	taste	buds	in	tongues	
from	SHH-YFPcKI	mice	versus	controls	(those	that	lack	K14CreER	driver	allele	or	
receive	corn	oil	instead	of	tamoxifen).		
Additionally,	to	examine	if	Shh	over-expression	represses	entry	of	new	cells	into	
buds,	I	would	carry	out	birthdating	experiments.	We	know	from	previous	studies	that	
immature	taste	cells	enter	FF	taste	buds	within	12	hours	after	their	last	division	(Miura	
et	al.,	2004;	2006;	Nguyen	and	Barlow,	2010).	These	immature	cells	take	~2-3	days	
from	their	final	division	to	differentiate	(Cho	et	al.,	1998;	Asano-Miyoshi	et	al.,	2008).	
Therefore,	I	would	inject	EdU	intraperitoneally	(i.p.)	3	days	prior	to	sacrifice,	and	
compare	numbers	of	EdU+	taste	cells	within	taste	buds	of	mutant	and	control	mice.	Even	
though	unlikely,	it	is	possible	that	SHH-YFPcKI	favors	a	non-taste	fate.	To	test	this,	I	
would	assess	EdU+	differentiated	keratinocytes	(K13+)	and	compare	overall	epithelium	
architecture	(K14+	to	K13+	cell	ratio)	in	mutants	and	controls.	
From	these	experiments,	if	Shh	over-expression	within	FF	decreases	progenitor	
differentiation	into	taste	cells,	while	having	no	apparent	effect	on	progenitor	
proliferation,	I	would	expect	no	significant	difference	in	Ki67-immunoreactive	(IR)	cell	
counts	nor	a	change	in	general	epithelium	architecture	between	mutant	and	control	
mice.	I	expect	these	results	at	28	days,	since	we	have	not	detected	any	abnormal	growth	
from	previous	samples	taken	at	28	days.	As	our	inducible	genetic	system	shows	mosaic	
activation	of	Shh,	it	is	possible	that	Shh	tumorigenic	thresholds	have	not	been	reached	
at	28	days	after	induction.	However,	past	28	days	it	is	possible	that	Shh	levels	will	
continue	to	increase	and	reach	thresholds	that	trigger	uncontrolled	cell	division,	
resulting	in	increased	proliferation	at	60	and	90	days.	In	terms	of	differentiation,	I	
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predict	that	generation	of	new	taste	cells	will	be	interrupted	in	SHH-YFPcKI	mice,	and	
therefore	I	expect	fewer	new	taste	cells	(taste	marker-immunoreactive	and	EdU+	cells)	
and	fewer	taste	buds	in	general;	results	consistent	with	our	pilot	data	(Fig	5.1).			
Another	possibility	is	that	endogenous	Shh	levels	normally	found	in	taste	
epithelium	together	with	forced	Shh	expression	in	taste	progenitors	is	cytotoxic	to	the	
progenitors.	Mammalian	PC12	cells	(derived	from	rat	pheochromocytoma)	exhibit	toxic	
susceptibility	to	neurotoxins.	Activation	of	Shh	signaling	transduction	in	proliferating	
PC12	cells	increased	their	toxic	susceptibility	and	death	(Li	et	al.,	2015).	Is	possible	that	
in	FF	taste	epithelium,	elevated	Shh	likewise	results	in	toxic	susceptibility	and	
indirectly	leads	to	apoptosis.	Therefore,	I	would	assess	cell	death	using	TUNEL	and	
activated	caspase3-IR,	to	determine	if	excess	Shh	has	a	toxic	effect	on	progenitor	cell	
survival,	and	compare	the	number	of	apoptotic	cells	in	mutant	and	control	animals	at	
each	time	point.	
In	addition	to	Shh	signaling,	taste	bud	development	and	renewal	rely	on	Wnt/β-
catenin	signaling.	Developmentally,	Wnt/β-catenin	is	genetically	upstream	of	Shh	
(Iwatsuki	et	al.,	2007;	Liu	et	al.,	2007).	In	a	squamous	cell	carcinoma	mouse	model,	
Schneider	et	al.	showed	that	in	adult	tongue	epithelium	Shh	negatively	regulates	β-
catenin	transcriptional	activity	(2010).	Other	in	vivo	experiments	for	β-catenin	
stabilization	in	adult	taste	progenitors	and	precursors	demonstrate	a	preferential	
overproduction	of	glial-like	type	I	cells	at	the	expense	of	the	other	taste	cell	types	
(Gaillard	et	al.,	2015).	These	reports	suggest	that	an	imbalance	between	Wnt/β-catenin	
and	Shh	signaling	might	affect	taste	cell	renewal.	Hence,	it	is	possible	that	Shh	over-
expression	in	adult	taste	epithelium	inhibits	Wnt/β-catenin	signaling	leading	to	a	loss	of	
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the	type	I	glial-like	support	cells,	which	in	turn	might	indirectly	trigger	taste	bud	
regression.	
Inhibition	or	complete	ablation	of	the	Shh	signaling	pathway	represses	taste	
differentiation		
	 An	improved	understanding	of	mechanisms	of	Shh	signaling	and	its	crucial	role	in	
tumorigenesis	have	favored	the	development	of	therapeutics	based	on	targeting	Shh	
ligand	per	se	and	other	signal	transduction	components;	perhaps	the	most	successful	
target	has	been	Smo.	Promising	small	molecule	inhibitors	have	gone	through	clinical	
trials	and	final	FDA	approval.	Many	cancer	patients	suffering	from	tumors	caused	by	
Shh	pathway	dysregulation	are	currently	treated	with	Smo	antagonists,	such	as	
Vismodegib	and	Sonidegib	(Yauch	et	al.,	2008;	Pan	et	al.,	2010;	LoRusso	et	al.,	2011;	
Rodon	et	al.,	2014).	It	has	become	clear	that	these	chemotherapeutics	alter	taste	
sensation	in	patients,	implying	that	Shh	may	be	essential	for	normal	taste	cell	
maintenance	and	renewal.	Recent	findings	in	mice	indicate	that	Smo	antagonists	cause	
loss	of	taste	buds	(Kumari	et	al.,	2015;	Yang	et	al.,	2015).	However,	the	underlying	
mechanism	of	taste	bud	loss	is	unknown.	A	mechanistic	understanding	would	be	
instrumental	to	improve	therapy	regimes.	
	 Although,	anti-cancer	treatments	like	Vismodegib	target	proliferation	in	tumors	
(Ng	and	Curran,	2011),	we	hypothesized	that	taste	bud	renewal	is	affected	due	to	
repression	of	Shh	signaling	required	for	taste	cell	differentiation.	Here	we	showed,	
using	pulse	chase	lineage	tracing	that	Krt5rtTA;tetOCre;R26RYFP	mice	treated	with	
HhAntag	for	21	days	have	fewer	and	smaller	taste	buds,	as	well	as	fewer	K5-YFP+	
descendants	entering	taste	buds.	But	surprisingly,	conditional	genetic	loss	of	Shh	in	K5+	
	 141	
progenitor	cells	and	their	lineage,	including	Shh+	taste	precursor	cells,	had	no	effect	on	
taste	bud	number	and	little	effect	on	bud	size,	suggesting	that	an	additional	
unappreciated	source(s)	of	Shh	might	regulate	taste	bud	turnover.	To	explore	this	idea,	
we	carried	out	inducible	genetic	lineage	labeling	of	Shh+	cells.	We	found	lineage	
reporter	expression	in	neurons	of	the	geniculate	ganglia	of	the	VIIth	cranial	nerve,	and	
in	nerve	fibers	that	innervate	taste	buds	of	the	anterior	tongue,	suggesting	that	Shh	
support	of	taste	cell	renewal	may	be	derived	primarily	from	gustatory	sensory	neurons.	
To	test	this	hypothesis,	we	conditionally	deleted	Shh	(ShhcKO)	in	Shh-expressing	cells,	
and	found	that	taste	buds	were	still	only	slightly	smaller	in	ShhcKO	mice	a	month	after	
induction	compared	to	controls,	which	was	far	less	than	the	impact	of	21	days	of	
HhAntag	treatment.		Similarly,	we	specifically	targeted	deletion	of	Shh	in	gVII	neurons,	
which	synapse	on	neurons	in	the	nucleus	of	the	solitary	tract	(NTS),	by	infecting	the	
NTS	in	the	hindbrain	of	ShhCreERT2/flox;R26RtdTomato	mice	with	the	adeno-associated	virus	
5	(AAV5)	carrying	Cre	recombinase.	AAV5-Cre	was	transported	retrogradely	from	the	
hindbrain	to	the	sensory	neuron	cell	bodies	within	the	ganglion,	where	nuclear	Cre	
deleted	Shh	and	activated	reporter	expression.	One	month	following	AAV5-Cre	
injection,	large	numbers	of	gVII	sensory	neurons	and	their	projections	to	taste	buds	
expressed	the	reporter,	indicating	Shh	deletion.	However,	as	with	genetic	deletion	of	
Shh	in	ShhcKO	mice,	taste	buds	were	minimally	affected.	Thus,	Shh	delivered	by	taste	
afferents	is	not	required	for	taste	bud	maintenance.	We	then	reasoned	that	epithelial	
and	nerve-derived	Shh	may	function	redundantly	to	maintain	taste	buds,	and	in	order	
to	phenocopy	HhAntag	treatment	we	must	simultaneously	delete	Shh	in	both	taste	
epithelium	and	gustatory	neurons.	Combined	Shh	deletion	in	fact	led	to	dramatically	
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decreased	taste	buds,	and	phenocopies	treatment	with	HhAntag.	As	mature	taste	bud	
renewal	has	been	known	for	over	a	century	to	require	an	intact	innervation,	our	studies	
suggest	that	a	specific	neural	maintenance	factor	may	be	Shh,	which	collaborates	with	
Shh	produced	by	taste	precursors	within	taste	buds	to	maintain	taste	system	
homeostasis.	
	 In	addition	to	the	impact	of	HhAntag	on	taste	bud	renewal,	we	observed	an	effect	
of	the	drug	on	non-taste	epithelial	turnover,	which	is	also	continually	renewed	by	K5+	
progenitor	cells	found	in	the	basal	epithelial	layer.	Unexpectedly,	because	Shh	
expression	in	the	tongue	has	been	thought	to	be	restricted	to	taste	buds	(Miura	et	al.,	
2001),	the	K5-YFP+	lineage-traced	contribution	to	non-taste	epithelium	is	also	reduced	
in	mice	treated	with	HhAntag	(Figs.	5.2	and	5.3).	However,	this	reduced	lineage	output	
was	not	due	to	reduced	progenitor	proliferation	(see	Chapter	3,	Figure	3.2),	and	had	no	
noticeable	effects	on	the	morphology	of	the	tongue	(Figs	5.2	and	5.3).		
	 Thus,	these	preliminary	findings	suggest	that	Hh	signaling	inhibition	broadly	
regulates	tongue	epithelial	turnover,	yet	raise	the	following	question:	why	is	the	
epithelial	K5+	lineage	throughout	the	tongue	so	diminished	in	drug	treated	mice,	when	
Shh	is	expressed	only	in	taste	bud	precursors	within	taste	buds	and	by	gustatory	
neurons	that	innervate	FF	papillae?	These	data	suggested	the	existence	of	other	Hh	
source(s)	in	adult	tongue.	
	 In	mammals,	Hh	signaling	molecules	include	two	other	ligands,	Indian	Hedgehog	
and	Desert	Hedgehog	(Ihh	and	Dhh)	(Hooper	and	Scott,	2005;	Jiang	and	Hui,	2008).	Shh,	
Ihh	and	Dhh	each	have	important	functions	during	development	and	tissue	
homeostasis.	Ihh	is	involved	in	vasculogenesis,	hematopoiesis,	bone	and	cartilage			
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Figure	5.2.	HhAntag	supresses	K5+	lineage	in	non-taste	epithelium.	
(A)	Lineage	labeling	of	K5+	cells	and	daughters	shows	extensive	YFP+	cells	(green)	
contribution	to	suprabasal	layers	of	the	non-taste	epithelium	of	vehicle	treated	mice.	
(B)	HhAntag	treatment	for	21	days	result	in	smaller	and	fewer	YFP+	cell	patches	in	the	
non-taste	epithelium.	Krt5rtTA;tetOCre;R26RYFP	mice	induced	with	dox	chow	overnight	on	
day	7	of	HhAntag	treatment.	Scale	bars=50	μm.	
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Figure	5.3.	Quantification	of	total	epithelial	YFP+	area	in	HhAntag	versus	control	
tongues.	
(A)	Representative	cross-sections	from	4	different	regions	of	the	anterior	1.5mm	of	the	
tongue	were	selected	for	quantification	of	total	epithelial	YFP+	area.	(B,	C)	YFP+	patches	
in	cross-section	images	were	selected	by	thresholding,	and	the	corresponding	area	
quantified	(yellow/green	areas).	(B’,	C’)	Gray	scale	images	showing	the	areas	quantified	
(white)	in	D-G.	(D-G)	Every	selected	region	of	HhAntag	tongues	shows	a	significant	
decrease	in	epithelial	YFP+	area.	B’,	C’	scale	bars=1	mm.	Data	are	represented	as	mean	
±	SD.	Student’s	t-test;	*P<0.05.	
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formation	and	heart	morphogenesis	(Ingham	and	McMahon,	2001;	Briscoe	and	
Thérond,	2013).	Shh	and	Ihh	are	important	signals	in	the	endodermal-mesodermal	
interactions	that	pattern	the	developing	gut	tract,	as	mutations	in	Ihh	lead	to	
malformation	of	the	gastrointestinal	tract	(van	den	Brink,	2007).	Intriguingly,	Ihh	also	
regulates	cell	proliferation	in	mammalian	epidermis	and	it	does	so	by	activating	Gli2	
(Kakanj	et	al.,	2013).		
	 Dhh	is	important	for	development	of	gonads	and	external	genitalia	(Ingham	and	
McMahon,	2001;	Briscoe	and	Thérond,	2013).	Schwann	cell-derived	Dhh	signals	to	local	
mesenchyme	to	control	the	development	of	nerve	sheaths	that	protect	the	peripheral	
innervation	(Parmantier	et	al.,	1999).	Dhh	transgenic	mouse	models	demonstrate	that	
Dhh	expression	in	K14	positive	epidermal	cells	mimics	Shh	function	in	regulating	
epidermal	homeostasis	and	tumor	formation	(Adolphe	et	al.,	2004).	Results	of	these	
studies	demonstrate	the	importance	of	the	less-studied	Ihh	and	Dhh	ligands.	
	 In	adult	lingual	epithelium	the	expression	and	function	of	Ihh	and	Dhh	have	not	
been	explored.	To	date,	we	know	that	in	mice	carrying	the	Gli2-lacZ	allele,	Gli2	is	
expressed	as	expected	in	taste	epithelium;	interestingly,	Gli2	expression	is	also	found	in	
patches	throughout	the	non-taste	epithelium	(Liu	et	al.,	2013),	an	observation	that	has	
not	been	investigated	further.	
	 We	hypothesize	that	additional	Hh	ligands	regulate	turnover	of	non-taste	
epithelium,	and	that	Smo	antagonists	also	block	Ihh	and/or	Dhh-dependent	non-taste	
epithelium	renewal	from	K5+	progenitor	cells.	To	test	this	idea,	we	have	explored	if	Ihh	
and	Dhh	are	expressed	in	the	tongue.	We	peeled	the	lingual	epithelium	from	the	
mesenchyme,	which	comprises	muscle,	vascular	elements,	nerves	and	peripheral	glia,		
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Figure	5.4.	Ihh	and	Dhh	ligands	are	expressed	in	the	adult	tongue.	
Ihh	is	expressed	in	both	the	tongue	epithelium	and	mesenchyme.	Dhh	is	expressed	
solely	in	tongue	mesenchyme.	E=epithelium;	M=mesenchyme;	C=	control;	intestine	for	
Ihh	and	spleen	for	Dhh.	
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minor	salivary	glands	and	connective	tissue.	Using	RT-PCR,	we	find	that	Ihh	is	
expressed	both	the	epithelial	and	mesenchymal	tongue	compartments,	whereas	Dhh	is	
expressed	only	in	the	mesenchyme	(Fig.	5.4).	
	 To	follow	up	on	this	finding,	I	would	first	validate	the	RT-PCR	data	with	detection	
of	Ihh	and	Dhh	mRNA	by	in	situ	hybridization	in	wild	type	animals	to	define	Ihh+	and	
Dhh+	expression	domains	in	the	tongue.	To	identify	the	cell	types	that	express	Ihh	and	
Dhh,	we	could	genetically	label	Ihh	and	Dhh	cells	by	generating	the	following	mouse	
lines:	IhhCreER;	R26RtdTomato	and	DhhCre;	R26RtdTomato	(see	below	for	Ihh	and	Dhh	allele	
information).	Identifying	the	cell	types	that	express	Ihh	and	Dhh	would	narrow	down	
which	genetic	drivers	to	use	for	knocking	out	the	ligands.	However,	since	this	
information	is	currently	lacking,	perhaps	the	best	approach	would	be	to	genetically	
ablate	each	ligand	in	Ihh	or	Dhh	expressing	cells,	respectively.		
	 To	test	if	conditional	ablation	of	Ihh	has	a	similar	effect	on	non-taste	epithelium	as	
Hh	signaling	inhibition,	I	would	knockout	Ihh	in	Ihh	expressing	cells	by	generating	adult	
transgenic	mice	carrying:	(1)	IhhCreER	(Lim	et	al.,	2014);	(2)	Ihhfl	(Razzaque	et	al.,	2005)	
(Jax	024327)	(since	CreER	is	knocked	into	the	endogenous	Ihh	locus	we	would	only	
need	one	Ihh	floxed	allele);	and	(3)	Gli1lacZ	or	Gli2lacZ	(Bai	and	Joyner,	2001;	Bai	et	al.,	
2002)	(Jax	008211	and	007922).	Gli1	would	function	as	reporter	of	active	Ihh	signaling	
and	since	Gli2	is	expressed	in	non-taste	epithelium	(Liu	et	al.,	2013),	it	is	possible	Gli2	is	
also	a	transcriptional	target	of	Ihh.	CreER	would	be	induced	via	1-4	daily	doses	of	
tamoxifen,	depending	on	Cre	recombinase	efficiency	of	IhhCreER,	and	tissue	would	be	
analyzed	after	21	days.	The	entire	non-taste	epithelium	renews	rapidly,	within	5-7	days	
(Hume	and	Potten,	1976;	Potten	et	al.,	2002;	Tanaka	et	al.,	2013).	Thus,	new	epithelial	
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cells	in	IhhCreER/fl;Gli1/2lacZ	and	wild	type	HhAntag	mice	could	also	be	traced	by	EdU	
injections	3	days	prior	to	sacrifice	to	assess	the	degree	to	which	generation	of	new	cells	
is	blocked	or	not	in	mutant	versus	control	mice.	The	same	paradigm	could	be	used	with	
constitutive	Dhh	knockout	mice	obtained	using	these	alleles:	(1)	DhhCre	(Jaegle	et	al.,	
2003)	(Jax	012929);	(2)	Dhhfl	(Bitgood	et	al.,	1996)	(Jax	002784).	Again,	since	Cre	is	
knocked	into	the	Dhh	locus,	we	would	only	need	one	Dhh	floxed	allele.	Constitutive	Dhh	
deletion	does	not	affect	viability	of	mice,	only	the	fertility	of	males.	
	 I	anticipate	that	our	in	situs	and	inducible	labeling	will	show	that	Ihh	and	Dhh	
expressing	cells	are	mainly	found	adjacent	to	Gli1/2	lacZ+	cells	in	the	non-taste	
epithelium.	Dhh	is	expressed	by	Schwann	cells	(Parmantier	et	al.,	1999),	and	in	other	
systems	Dhh	is	associated	with	peripheral	innervation	(Parmantier	et	al.,	1999;	Ingham	
and	McMahon,	2001).	Thus,	it	is	possible	that	Schwann	cells	wrapping	nerve	afferents	
in	the	vicinity	of	taste	buds	and	non-taste	epithelium	will	be	Dhh+.	I	predict	that	Ihh	
deletion	will	result	in	a	significant	decrease	in	Gli1/2	lacZ	expression	compared	to	
genetic	control	mice	(i.e.	Ihh+/CreER;Gli1/2lacZ).	Furthermore,	I	would	expect	that	genetic	
ablation	of	either	Ihh	or	Dhh	will	cause	a	decrease	in	the	number	of	EdU+	cells	in	the	
basal	and	suprabasal	layers	of	non-taste	epithelium,	similar	to	HhAntag	treated	mice.	
	 Our	pilot	data	have	revealed	no	overt	changes	in	the	morphology	of	non-taste	
epithelium	of	HhAntag	treated	mice	compared	to	controls,	yet	K5	progeny	were	
significantly	decreased,	suggesting	that	there	must	be	a	compensatory	cellular	
mechanism	to	maintain	non-taste	epithelium.	We	have	found	a	slow	cycling	stem	cell	
pool	that	is	a	subset	of	K5/14+	cells;	these	cells	express	the	membrane	associated	
protein,	Lrig1	(leucine-rich	repeats	and	immunoglobulin-like	domains	protein	1)						
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(Fig.	5.5).	Lrig1	is	a	negative	regulator	of	receptor	tyrosine	kinases	that	marks	both	
human	and	mouse	epidermal	stem	cells	(Jensen	and	Watt,	2006;	Jensen	et	al.,	2009).	In	
human	skin,	Lrig1+	stem	cells	reside	in	the	interfollicular	epidermis	(IFE),	and	in	mouse	
skin	Lrig1	marks	hair	follicle	stem	cells	within	the	junctional	zone	between	the	IFE,	
sebaceous	gland	and	bulge.	Hair	follicle	Lrig1+	cells	are	a	quiescent	reservoir	of	stem	
cells	that	are	stimulated	by	injury	or	hyperplasia	to	replenish	the	interfollicular	
epidermis	and	sebaceous	glands	(Jensen	et	al.,	2009;	Watt	and	Jensen,	2009).	
	 Using	Lrig1CreER;RosaRFP	mice,	we	traced	Lrig1+	cells	and	their	progeny,	finding	that	
24	hours	post-induction	Lrig1-RFP+	cells	are	rare	and	basally	located	(Fig.	5.6).	Tracing	
Lrig1+	cells	and	progeny	for	21-31	days	post-induction	we	found	that	Lrig1+	clones	are	
scarce,	yet	they	contribute	to	both	taste	and	non-taste	epithelium	under	homeostatic	
conditions	(Fig.	5.7).	In	sum,	our	data	suggest	that	Lrig1+	cells	are	slow	cycling	cells	that	
may	represent	a	subset	of	K5/14+	progenitors	and	have	the	potential	to	differentiate	
into	a	taste	or	non-taste	fate.		
	 The	low	input	of	Lrig1+	cells	to	taste	buds	in	our	longer	chase	experiments	and	the	
fair	contribution	to	non-taste	epithelium,	hints	that	these	cells	preferentially	
differentiate	into	non-taste	cells.	Our	hypothesis	is	that	Lrig1	marks	a	subpopulation	of	
K5/K14+	cells	that	function	as	a	Hh-independent	stem	cell	reservoir.	To	address	this	
hypothesis,	first	I	would	determine	if	Lrig1+	are	label-retaining	cells	(LRCs)	(Fuchs,	
2009).	Cells	that	divide	infrequently	retain	EdU	over	long	periods	of	time,	a	
characteristic	of	numerous	stem	cell	populations.	LRCs	in	non-taste	epithelium	have	
been	previously	defined	as	cells	that	retain	EdU	after	a	14	day	chase	(Tanaka	et	al.,	
2013).	Therefore,	under	homeostatic	conditions	I	would	inject	EdU	once	daily	for	5	
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Figure	5.5.	Lrig1+	cells	are	found	as	clusters	in	the	basal	epithelium.	
(A,	B)	Lrig1-IR	cells	are	within	the	basal	layer	of	taste	(arrowheads)	and	non-taste	
epithelium	(arrows).	(C,	D)	Lrig1+	cells	are	organized	in	small	clusters	throughout	the	
non-taste	epithelium		(arrows).	Scale	bars=50	μm.	
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Figure	5.6.	Lrig1	lineage	tracing	for	24	hours.		
A)	Two	Lrig1-RFP+	cells	(green,	asterisks)	are	within	the	papilla	walls	of	a	FF.	(B)	FF	
papillae	without	Lrig1-RFP+	cells.	Taste	buds	are	mark	by	K8	(white)	and	progenitor	
cells	by	K14	(magenta).	(C)	No	Lrig1-RFP+	cells	are	found	within	taste	buds	after	24	
hours;	however	50%	of	FF	papillae	have	at	least	one	Lrig1-RFP+	cell	in	their	papilla	
walls	and	the	other	50%	lack	Lrig1-RFP+	cells.	(D-F)	Lrig1-RFP+	cells	(green,	asterisks)	
in	non-taste	epithelium	can	be	found	as	singlets	(D),	doublets	(E)	or	triplets	(F).	(G)	The	
majority	of	Lrig1-RFP+	cells	are	observed	as	doublets,	followed	by	singlets	and	
infrequent	triplets	and	quadruplets.	(H)	Two	suprabasal	Lrig1-RFP+	cells	(green,	
asterisks)	in	non-taste	epithelium.	(I)	Over	95%	of	Lrig1-RFP+	cells	are	basally	located	
in	the	tongue	epithelium.	Tb=taste	bud;	Pp=papilla	walls.	Scale	bars=10	μm.	Data	are	
represented	as	mean	±	SD.	Student’s	t-test	and	one-way	ANOVA;	*P<0.05,	***P<0.001,	
****P<0.0001.	
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Figure	5.7.	Lrig1	lineage	tracing	for	21-31	days.	
(A-C)	Lrig1+	clones	(green)	can	be	found	in	taste	buds	(K8,	white)	and	papilla	walls	(A),	
just	papilla	walls	(B)	and	some	FF	papillae	are	devoid	of	Lrig1+	clones.	Progenitor	cells	
are	marked	by	K14	(magenta).	(D)	FF	papillae	with	Lrig1+	clones	in	their	papilla	walls	
represent	72%	of	total	FF	papillae,	21%	are	completely	devoid	of	clones	and	7%	have	
clones	in	papilla	walls	and	taste	buds.	(E)	After	a	21-31	day	chase,	K14+	progenitors	
(magenta)	that	are	Lrig1+	(green)	at	the	basement	membrane	give	rise	to	differentiated	
non-taste	epithelial	cells	that	populate	the	suprabasal	layers.	Tb=taste	bud;	Pp=papilla	
walls.	Scale	bars=10	μm.	Data	are	represented	as	mean	±	SD.	One-way	ANOVA;	
**P<0.01,	***P<0.001.		
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consecutive	days	(Tanaka	et	al.,	2013)	and	chase	for	14	and	21	days.	Immunolabeling	of	
Lrig1+	cells	would	allow	detection	of	Lrig1/EdU+	cells	at	14	or	21	days.	Second,	I	would	
explore	Lrig1+	cell	kinetics	during	Hh	signaling	inhibition.	Hence,	I	would	quantify	the	
number	and	area	of	K5-YFP+	versus	Lrig1-RFP+	clones	in	both	controls	and	mice	treated	
for	21	days	with	HhAntag.	I	would	expand	this	approach	by	measuring	Lrig1	epithelial	
expression	in	control	and	treated	mice	by	qRT-PCR	to	determine	if	Lrig1	levels	increase	
in	response	to	HhAntag.	Finally,	to	demonstrate	that	these	cells	are	required	for	proper	
non-taste	epithelium	maintenance	after	Hh	signaling	inhibition,	I	would	ablate	Lrig1+	
cells	by	Cre	induction	of	diphtheria	toxin	fragment	A	(DTA)	in	control	and	21	day	
HhAntag-treated	mice.	These	alleles	would	be	used:	(1)	Lrig1CreER	(Powell	et	al.,	
2012)(Jax	018418);	(2)	RosaeGFP-DTA	(Ivanova	et	al.,	2005)(Jax	006331).		
	 I	predict	that	Lrig1/EdU+	LRC	cells	will	be	present	at	14	and	21	days,	nonetheless	
it	is	possible	that	these	cells	cycle	even	more	slowly	than	expected	and	do	not	
proliferate	during	the	pulse	window.	To	mitigate	this	possibility,	we	would	define	
Lrig1+	cell	cycle	kinetics	by	measuring	their	proliferation	index	using	Ki67	(detects	cells	
in	late	G1,	S,	G2,	and	M	phases)	and	pH3	(detects	cells	in	M	phase)	immunostaining.	
Additionally,	I	expect	that	Lrig1+	clones	will	increase	in	response	to	HhAntag	as	non-
taste	epithelial	renewal	from	Lrig1+	cells	is	predicted	to	be	Hh-insensitive,	but	that	
there	will	be	no	contribution	of	Lrig1-RFP+	cells	to	taste	buds,	since	taste	cell	
differentiation	requires	Shh.	By	contrast,	in	controls,	Lrig1+	clones	will	be	scarce	and	
RFP+	cells	will	be	found	occasionally	inside	taste	buds	(e.g.	Fig.	5.7).	Quantification	of	
Lrig1	expression	by	qRT-PCR	should	also	increase	in	HhAntag	treated	mice.	If	Lrig1+	
cells	are	indeed	a	K5	subpopulation,	there	will	be	fewer	and	smaller	clones	in	vehicle-
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treated	Lrig1CreER	compared	to	vehicle-treated	K5rtTA	lineage	tracing	mice,	but	little	or	
subtle	clonal	differences	in	drug-treated	Lrig1CreER	versus	K5rtTA	mice.	Lastly,	I	anticipate	
a	dramatic	negative	effect	on	non-taste	epithelium	renewal	in	Lrig1CreER;RosaeGFP-DTA	
mice	after	HhAntag	administration.	
Differential	competence	between	taste	and	non-taste	epithelium	to	form	taste	
buds	depends	on	Sox2	regulation	by	Shh	signaling	
	 The	family	of	SRY-related	HMG	box	(Sox)	transcription	factors	control	cell	fate	and	
differentiation	in	a	wide	range	of	biological	processes,	including:	maintenance	of	
stemness,	neural	crest	development,	neurogenesis,	hematopoiesis	and	sex	
differentiation	(Lefebvre	et	al.,	2007).	Sox2	is	perhaps	the	best-known	member	of	the	
family.	Sox2’s	high	profile	comes	from	the	discovery	that	forcing	expression	of	Sox2,	
together	with	Oct4,	Klf4	and	c-Myc,	confers	somatic	cells	with	pluripotency	(Takahashi	
and	Yamanaka,	2006).	Thus,	Sox2	is	considered	a	stemness	master	regulator.	
	 During	tongue	development,	Sox2	functions	in	a	dose-dependent	manner	to	
regulate	differentiation	of	progenitor	cells	of	the	developing	tongue	into	taste	receptor	
cells	versus	keratinocytes	(Okubo	et	al.,	2006).	In	adult	tongue,	Sox2	is	expressed	at	low	
levels	throughout	the	basal	non-taste	epithelium	and	at	high	levels	in	taste	bud	
progenitor	cells	and	in	a	subset	of	mature	taste	receptor	cells.	Intriguingly,	we	found	in	
adult	tongue	that	Sox2	is	expressed	at	high	levels	by	epithelial	cells	surrounding	and	
within	ectopic	buds	where	Shh	was	over-expressed,	whereas	Sox2	expression	is	low	in	
non-taste	basal	keratinocytes	where	Shh	was	absent	(Castillo	et	al.,	2014).	Here,	we	
tested	the	hypothesis	that	renewal	of	adult	taste	buds	is	regulated	by	Shh	signaling	via	
regulation	of	Sox2.		
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	 When	we	treated	Sox2-GFP	mice	with	HhAntag,	we	found	that	by	7	days	there	was	
a	subtle	decrease	in	typical	FF	numbers,	with	a	small,	significant	increase	in	atypical	FF.	
Additionally,	Sox2-driven	GFP	expression	was	slightly	lower	in	taste	progenitors	after	3	
days	of	HhAntag,	while	at	7	days	of	treatment	Sox2-GFP	was	drastically	reduced	in	taste	
progenitors	and	intragemmal	cells.	These	results	are	consistent	with	the	hypothesis	
that	Sox2	is	downstream	of	Shh	signaling,	and	that	adult	taste	cell	differentiation	
depends	on	Shh	regulation	of	Sox2.	If	Sox2	is	a	direct	or	indirect	downstream	target	of	
Shh	signaling,	deleting	Sox2	in	taste	progenitor	cells	should	impair	adult	taste	bud	
renewal.	Genetic	deletion	of	Sox2	in	K14+	progenitors	resulted	in	significantly	less	taste	
buds	within	2	days	of	Cre	activation,	and	triggered	hyperproliferation	of	K14+	cells,	
suggesting	that	Sox2	is	required	for	both	taste	and	non-taste	fates.	As	Shh	gain-of-
function	in	non-taste	epithelium	promotes	formation	of	ectopic	buds	(Castillo	et	al.,	
2014),	we	investigated	if	Shh	over-expression	in	the	context	of	Sox2	deletion	could	
likewise	induce	ectopic	taste	bud	formation.	Surprisingly,	we	found	that	all	taste	buds	
are	completely	lost	within	11	days	of	induction,	and	instead	of	inducing	ectopic	buds,	
Shh	over-expression	promoted	extreme	hyperproliferation	throughout	the	non-taste	
epithelium,	resulting	in	a	basal	cell	carcinoma	phenotype.	Our	results	suggest	that	Hh	
activity	regulates	lingual	epithelial	regeneration	as	well	as	differentiation	of	taste	buds	
by	fine-tuning	Sox2	expression	levels	in	the	adult	tongue.	Moreover,	Sox2	likely	
functions	in	a	regulatory	feedback	loop	to	control	Shh	mitogenicity,	and	in	the	case	of	
taste	progenitors,	allows	taste	cell	differentiation.	
	 An	important	question	to	address	is:	does	Hh	signaling	directly	regulate	Sox2	
expression	in	taste	epithelium?	Sox2	activation	by	Gli-mediated	Hh	signaling	has	been	
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demonstrated	in	diverse	contexts.	Neural	stem	cells	of	the	telencephalic	
neuroepithelium	continuously	proliferate,	generating	neural	precursor	cells	that	
eventually	differentiate.	In	this	context,	the	downstream	mediator	of	Hh	signaling,	Gli2,	
binds	to	an	enhancer	required	for	Sox2	expression,	and	this	binding	is	vital	for	
neurepithelial	cell	proliferation	(Takanaga	et	al.,	2009).	A	Hh-Gli-Sox2	interaction	is	
also	implicated	in	cancer.	Hh-Gli-driven	basal	cell	carcinomas	include	Sox2	as	a	
downstream	responsive	gene	involved	in	tumor	growth	(Eberl	et	al.,	2012).	Hh-Gli	
signaling-associated	melanomas	express	Sox2,	where	the	latter	is	essential	for	self-
renewal	of	melanoma	stem	cells.	Additionally,	Gli1/2	bind	to	the	proximal	promoter	
region	of	Sox2	in	primary	melanoma	cells	(Santini	et	al.,	2014).	Sox2	is	also	associated	
with	Shh-dependent	medulloblastomas,	in	which	constitutive	activation	of	Shh	in	
granule	neuron	precursors	results	in	enhanced	proliferation	and	Sox2-expressing	
medulloblastomas	(Ahlfeld	et	al.,	2013).		
	 To	test	if	Gli1	and/or	Gli2	physically	drive	Sox2	transcription	in	lingual	
epithelium,	I	would	carry	out	chromatin	immunoprecipitation	sequencing	(ChIP-seq)	to	
identify	the	binding	sites	of	Gli1	and	Gli2.	Currently	there	are	no	good	Gli1/2	ChIP	
antibodies	available,	therefore	I	would	take	an	epitope-tagged	approach	using	two	
mouse	lines:	(1)	Sox2+/CreER;RosaGli1-FLAG/Gli1-FLAG	(Vokes	et	al.,	2007;	Arnold	et	al.,	2011)	
(Jax	017593	and	013123)	and	(2)	Sox2+/CreER;RosaGli2-FLAG/Gli2-FLAG	(Huang	et	al.,	2013).	
Tamoxifen	induction	of	adult	mice	would	activate	expression	of	Gli1-FLAG	or	Gli2-FLAG	
in	Sox2+	cells,	enabling	the	use	of	antibodies	against	the	FLAG	epitope	to	isolate	Gli1/2-	
bound	chromatin.	My	prediction	is	that	either	or	both	Gli1	and	Gli2	will	bind	to	Sox2	
upstream	regulatory	sequences.	
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	 To	date,	identification	of	the	required	genetic	profile	for	taste	and	non-taste	
differentiation	and	molecular	markers	of	lingual	stem	cells	is	needed.	A	first	step	to	
accomplish	this	will	be	to	characterize	the	transcriptome	of	Sox2+	cells	in	the	tongue.	As	
mentioned	above,	Sox2	protein	is	normally	expressed	at	low	levels	in	basal	progenitors	
in	non-taste	epithelium,	whereas	fungiform	papillae	progenitors	and	some	taste	cells	
express	high	Sox2	(Okubo	et	al.,	2006;	Suzuki,	2008;	Okubo	et	al.,	2009).	Using	our	
lingual	epithelium	isolation	method	(Castillo	Azofeifa	and	Barlow,	2016)	(see	
Appendix),	we	performed	fluorescence-activated	cell	sorting	(FACS)	on	268	Sox2-GFP	
mice	and	sorted	for	high	versus	low	Sox2-GFP	expressing	cells	(Fig.	5.8).	
	 We	plan	on	using	these	isolated	cell	populations	for	RNA-seq,	which	will	give	us	
the	transcriptional	profile	of	taste	(Sox2-GFPhi)	and	non-taste	(Sox2-GFPlow)	epithelial	
cells.	I	would	also	search	for	non-coding	regulatory	RNAs	that	might	explain	differential	
levels	of	Sox2	in	the	various	epithelial	populations	in	the	tongue.	Strong	candidates	are	
the	microRNA-200	family	members,	which	induce	epithelial	differentiation	and	regulate	
transcription	factors	including	Sox2	(Yi	et	al.,	2008;	Wellner	et	al.,	2009;	Nissan	et	al.,	
2011;	Nagaoka	et	al.,	2013).		
	 My	thesis	work	concludes	that	in	adult	tongue:	(1)	epithelial	Shh	is	sufficient	to	
drive	taste	cell	differentiation;	(2)	Shh	from	the	epithelium	and	gustatory	innervation	
function	redundantly	to	maintain	adult	taste	buds;	(3)	Hh	signaling	regulates	Sox2	
expression,	and	this	regulation	is	required	for	proper	taste	and	non-taste	
differentiation,	as	well	as	key	to	a	regulatory	feed	back	loop	that	represses	Shh-
dependent	mitogenicity.	From	all	the	data	presented	here,	I	propose	that	in	
homeostasis	K5/14/Sox2+	cells	are	bipotent	progenitors	that	can	acquire	a	taste	or	a	
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non-taste	fate.	Taste	differentiation	occurs	as	perigemmal	cells	receive	Shh	ligand	from	
the	epithelium	and	innervation,	eliciting	elevated	Sox2	activation	required	for	the	
transition	from	perigemmal	progenitor	cells	to	intragemmal	postmitotic	taste	
precursors.	Taste	precursors	replenish	older	Shh+	precursors	that	continually	
differentiate	into	mature	taste	cells	(K8+).	In	addition	to	the	necessity	of	Sox2	for	taste	
cell	renewal,	I	posit	that	high	Sox2	is	important	to	negatively	regulate	Shh-driven	
mitogenicity.	It	is	also	likely	that	non-taste	epithelial	renewal	depends	on	Ihh	and/or	
Dhh	signaling,	which	keep	Sox2	expression	low	in	non-taste	progenitors,	priming	them	
for	K13+	keratinocyte	differentiation.	Lastly,	in	the	absence	of	Hh	signaling,	slow	cycling	
Lrig1+	stem	cells	are	activated	to	maintain	the	non-taste	lingual	epithelium	(Fig.	5.9).		
	 Understanding	Hh	signaling	and	its	interactions	with	other	molecular	circuits,	i.e.,	
Sox2,	reveals	a	novel	cellular	and	molecular	mechanism	for	adult	taste	regeneration.	
This	new	insight	opens	the	possibility	to	mitigate	taste	disruption	in	cancer	patients	
receiving	Hh	inhibitors.	In	the	future,	upregulation	of	Sox2	protein	levels	in	tongue	
epithelium	of	cancer	patients	may	allow	taste	and	non-taste	epithelium	maintenance	
while	fighting	tumor	progression. 
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Figure	5.8.	Sox2-GFPhi	versus	Sox2-GFPlow	cell	sorting.	
Sox2-GFP	cells	were	binned	as	highest	5%,	higher	10%,	lower	25%	and	lowest	50%.	
Cell	sorting	experiments	were	done	in	triplicate.		
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Figure	5.9.	A	model	for	cellular	and	molecular	regulation	of	adult	lingual	
epithelium	maintenance	and	renewal.	
Blocking	Hh	signaling	reduces	overall	Sox2	expression	affecting	proper	differentiation	
of	taste	and	non-taste	epithelium.	However,	in	the	absence	of	Hh,	Lrig1+	cells	may	
respond	to	compensate	non-taste	epithelium	maintenance.	
	
	 161	
REFERENCES	
Adolphe	C,	Narang	M,	Ellis	T,	Wicking	C,	Kaur	P,	Wainwright	B	(2004)	An	in	vivo	
comparative	study	of	sonic,	desert	and	Indian	hedgehog	reveals	that	hedgehog	
pathway	activity	regulates	epidermal	stem	cell	homeostasis.	Development	
131:5009–5019.	
Ahlfeld	J,	Favaro	R,	Pagella	P,	Kretzschmar	HA,	Nicolis	S,	Schüller	U	(2013)	Sox2	
requirement	in	sonic	hedgehog-associated	medulloblastoma.	Cancer	Research	
73:3796–3807.	
Ahn	S,	Joyner	AL	(2005)	In	vivo	analysis	of	quiescent	adult	neural	stem	cells	responding	
to	Sonic	hedgehog.	Nature	437:894–897.	
Akazawa	C,	Tsuzuki	H,	Nakamura	Y,	Sasaki	Y,	Ohsaki	K,	Nakamura	S,	Arakawa	Y,	
Kohsaka	S	(2004)	The	upregulated	expression	of	sonic	hedgehog	in	motor	neurons	
after	rat	facial	nerve	axotomy.	Journal	of	Neuroscience	24:7923–7930.	
Angeloni	NL,	Bond	CW,	Tang	Y,	Harrington	DA,	Zhang	S,	Stupp	SI,	McKenna	KE,	
Podlasek	CA	(2011)	Regeneration	of	the	cavernous	nerve	by	Sonic	hedgehog	using	
aligned	peptide	amphiphile	nanofibers.	Biomaterials	32:1091–1101.	
Arnold	K,	Sarkar	A,	Yram	MA,	Polo	JM,	Bronson	R,	Sengupta	S,	Seandel	M,	Geijsen	N,	
Hochedlinger	K	(2011)	Sox2+	Adult	Stem	and	Progenitor	Cells	Are	Important	for	
Tissue	Regeneration	and	Survival	of	Mice.	Stem	Cell	9:317–329.	
Asano-Miyoshi	M,	Hamamichi	R,	Emori	Y	(2008)	Cytokeratin	14	is	expressed	in	
immature	cells	in	rat	taste	buds.	J	Mol	Histol	39:193–199.	
Avilés	EC,	Wilson	NH,	Stoeckli	ET	(2013)	Sonic	hedgehog	and	Wnt:	antagonists	in	
morphogenesis	but	collaborators	in	axon	guidance.	Front	Cell	Neurosci	7:86–86.	
Bai	CB,	Auerbach	W,	Lee	JS,	Stephen	D,	Joyner	AL	(2002)	Gli2,	but	not	Gli1,	is	required	
for	initial	Shh	signaling	and	ectopic	activation	of	the	Shh	pathway.	Development	
129:4753–4761.	
Bai	CB,	Joyner	AL	(2001)	Gli1	can	rescue	the	in	vivo	function	of	Gli2.	Development	
128:5161–5172.	
Barker	N	(2013)	Adult	intestinal	stem	cells:	critical	drivers	of	epithelial	homeostasis	
and	regeneration.	Nat	Rev	Mol	Cell	Biol	15:19–33.	
Barlow	LA	(1999)	The	Biology	of	Amphibian	Taste.	In:	Amphibian	Biology:	Sensory	
Perception	(Heatwole	H,	Dawley	E,	eds),	pp	743–782.	Chipping	Norton:	Surrey	
Beatty	&	Sons	Propriety,	Limited.	
	
	 162	
Barlow	LA	(2015)	Progress	and	renewal	in	gustation:	new	insights	into	taste	bud	
development.	Development	142:3620–3629.	
Barlow	LA,	Klein	OD	(2015)	Developing	and	regenerating	a	sense	of	taste.	Curr	Top	Dev	
Biol	111:401–419.	
Bartel	DL,	Sullivan	SL,	Lavoie	EG,	Sévigny	J,	Finger	TE	(2006)	Nucleoside	triphosphate	
diphosphohydrolase-2	is	the	ecto-ATPase	of	type	I	cells	in	taste	buds.	J	Comp	Neurol	
497:1–12.	
Basset-Seguin	N	et	al.	(2015)	Vismodegib	in	patients	with	advanced	basal	cell	
carcinoma	(STEVIE):	a	pre-planned	interim	analysis	of	an	international,	open-label	
trial.	Lancet	Oncol	16:729–736.	
Beidler	LM,	Smallman	RL	(1965)	Renewal	of	cells	within	taste	buds.	J	Cell	Biol	27:263–
272.	
Beites	CL,	Hollenbeck	PLW,	Kim	J,	Lovell-Badge	R,	Lander	AD,	Calof	AL	(2009)	
Follistatin	modulates	a	BMP	autoregulatory	loop	to	control	the	size	and	patterning	
of	sensory	domains	in	the	developing	tongue.	Development	136:2187–2197.	
Bellusci	S,	Furuta	Y,	Rush	MG,	Henderson	R,	Winnier	G,	Hogan	BL	(1997)	Involvement	
of	Sonic	hedgehog	(Shh)	in	mouse	embryonic	lung	growth	and	morphogenesis.	
Development	124:53–63.	
Bitgood	MJ,	McMahon	AP	(1995)	Hedgehog	and	Bmp	genes	are	coexpressed	at	many	
diverse	sites	of	cell-cell	interaction	in	the	mouse	embryo.	Developmental	Biology	
172:126–138.	
Bitgood	MJ,	Shen	L,	McMahon	AP	(1996)	Sertoli	cell	signaling	by	Desert	hedgehog	
regulates	the	male	germline.	Curr	Biol	6:298–304.	
Bora-Singhal	N,	Perumal	D,	Nguyen	J,	Chellappan	S	(2015)	Gli1-Mediated	Regulation	of	
Sox2	Facilitates	Self-Renewal	of	Stem-	Like	Cells	and	Confers	Resistance	to	EGFR	
Inhibitors	in	Non–Small	Cell	Lung	Cancer.	NEO	17:538–551.	
Brazel	CY,	Limke	TL,	Osborne	JK,	Miura	T,	Cai	J,	Pevny	L,	Rao	MS	(2005)	Sox2	
expression	defines	a	heterogeneous	population	of	neurosphere-forming	cells	in	the	
adult	murine	brain.	Aging	Cell	4:197–207.	
Briscoe	J,	Thérond	PP	(2013)	The	mechanisms	of	Hedgehog	signalling	and	its	roles	in	
development	and	disease.	Nat	Rev	Mol	Cell	Biol	14:416–429.	
Brownell	I,	Guevara	E,	Bai	CB,	Loomis	CA,	Joyner	AL	(2011)	Nerve-Derived	Sonic	
Hedgehog	Defines	a	Niche	for	Hair	Follicle	Stem	Cells	Capable	of	Becoming	
Epidermal	Stem	Cells.	Stem	Cell	8:552–565.	
	 163	
Bylund	M,	Andersson	E,	Novitch	BG,	Muhr	J	(2003)	Vertebrate	neurogenesis	is	
counteracted	by	Sox1-3	activity.	Nat	Neurosci	6:1162–1168.	
Caicedo	A,	Kim	KN,	Roper	SD	(2000)	Glutamate-induced	cobalt	uptake	reveals	non-
NMDA	receptors	in	rat	taste	cells.	J	Comp	Neurol	417:315–324.	
Caprio	J	(1987)	Peripheral	filters	and	chemoreceptor	cells	in	fishes.	In:	Sensory	Biology	
of	Aquatic	Animals	
	(Atema	J,	Fay	RR,	Popper	AN,	Tavolga	WN,	eds),	pp	313–338.	New	York:	Springer	
Verlag.	
Castillo	Azofeifa	D,	Barlow	LA	(2016)	Disassembling	Taste:	Peeling	and	Dissociation	of	
Adult	Lingual	Epithelium	to	Achieve	Single	Cell	Suspensions	for	Use	in	Cell	Sorting	
and	High-Throughput	Analysis.	In:	Methods	in	Molecular	Biology,	Craniofacial	
Biology	(Michon	F,	ed).	In	press.	
Castillo	D,	Seidel	K,	Salcedo	E,	Ahn	C,	de	Sauvage	FJ,	Klein	OD,	Barlow	LA	(2014)	
Induction	of	ectopic	taste	buds	by	SHH	reveals	the	competency	and	plasticity	of	
adult	lingual	epithelium.	Development	141:2993–3002.	
Chandrashekar	J,	Mueller	KL,	Hoon	MA,	Adler	E,	Feng	L,	Guo	W,	Zuker	CS,	Ryba	NJ	
(2000)	T2Rs	function	as	bitter	taste	receptors.	Cell	100:703–711.	
Chandrashekar	J,	Yarmolinsky	D,	Buchholtz	von	L,	Oka	Y,	Sly	W,	Ryba	NJP,	Zuker	CS	
(2009)	The	taste	of	carbonation.	Science	326:443–445.	
Charron	F,	Stein	E,	Jeong	J,	McMahon	AP,	Tessier-Lavigne	M	(2003)	The	morphogen	
sonic	hedgehog	is	an	axonal	chemoattractant	that	collaborates	with	netrin-1	in	
midline	axon	guidance.	Cell	113:11–23.	
Charron	F,	Tessier-Lavigne	M	(2005)	Novel	brain	wiring	functions	for	classical	
morphogens:	a	role	as	graded	positional	cues	in	axon	guidance.	Development	
132:2251–2262.	
Chaudhari	NN,	Roper	SDS	(2010)	The	cell	biology	of	taste.	J	Cell	Biol	190:285–296.	
Cheal	M,	Oakley	B	(1977)	Regeneration	of	fungiform	taste	buds:	temporal	and	spatial	
characteristics.	J	Comp	Neurol	172:609–626.	
Cho	YK,	Farbman	AI,	Smith	DV	(1998)	The	timing	of	alpha-gustducin	expression	during	
cell	renewal	in	rat	vallate	taste	buds.	Chemical	Senses	23:735–742.	
Clapp	TR,	Medler	KF,	Damak	S,	Margolskee	RF,	Kinnamon	SC	(2006)	Mouse	taste	cells	
with	G	protein-coupled	taste	receptors	lack	voltage-gated	calcium	channels	and	
SNAP-25.	BMC	Biol	4:7.	
	
	 164	
Clapp	TR,	Stone	LM,	Margolskee	RF,	Kinnamon	SC	(2001)	Immunocytochemical	
evidence	for	co-expression	of	Type	III	IP3	receptor	with	signaling	components	of	
bitter	taste	transduction.	BMC	Neuroscience	2:6.	
Clapp	TR,	Yang	R,	Stoick	CL,	Kinnamon	SC,	Kinnamon	JC	(2004)	Morphologic	
characterization	of	rat	taste	receptor	cells	that	express	components	of	the	
phospholipase	C	signaling	pathway.	J	Comp	Neurol	468:311–321.	
Cleaton-Jones	P	(1971)	Histological	observations	in	the	soft	palate	of	the	albino	rat.	J	
Anat	110:39.	
Contreras	RJ,	Beckstead	RM,	Norgren	R	(1982)	The	central	projections	of	the	trigeminal,	
facial,	glossopharyngeal	and	vagus	nerves:	an	autoradiographic	study	in	the	rat.	J	
Auton	Nerv	Syst	6:303–322.	
Cornwell	TB,	McAlister	AR	(2011)	Alternative	thinking	about	starting	points	of	obesity.	
Development	of	child	taste	preferences.	Appetite	56:428–439.	
Corson	J,	Aldridge	A,	Wilmoth	K,	Erisir	A	(2012)	A	survey	of	oral	cavity	afferents	to	the	
rat	nucleus	tractus	solitarii.	J	Comp	Neurol	520:495–527.	
Coulombe	PA,	Kopan	R,	Fuchs	E	(1989)	Expression	of	keratin	K14	in	the	epidermis	and	
hair	follicle:	insights	into	complex	programs	of	differentiation.	The	Journal	of	Cell	
Biology.	
Damak	S	(2016)	Detection	of	Sweet	and	Umami	Taste	in	the	Absence	of	Taste	Receptor	
T1r3.	Science	301:850–853	Available	at:	
http://www.sciencemag.org/cgi/doi/10.1126/science.1087155.	
Dean	M,	Fojo	T,	Bates	S	(2005)	Tumour	stem	cells	and	drug	resistance.	Nat	Rev	Cancer	
5:275–284.	
DeFazio	RA,	Dvoryanchikov	G,	Maruyama	Y,	Kim	JW,	Pereira	E,	Roper	SD,	Chaudhari	N	
(2006)	Separate	populations	of	receptor	cells	and	presynaptic	cells	in	mouse	taste	
buds.	Journal	of	Neuroscience	26:3971–3980.	
Delay	RJ,	Kinnamon	JC,	Roper	SD	(1986)	Ultrastructure	of	mouse	vallate	taste	buds:	II.	
Cell	types	and	cell	lineage.	J	Comp	Neurol	253:242–252.	
Dhouailly	D,	Xu	C,	Manabe	M,	Schermer	A,	Sun	T-T	(1989)	Expression	of	hair-related	
keratins	in	a	soft	epithelium:	Subpopulations	of	human	and	mouse	dorsal	tongue	
keratinocytes	express	keratin	markers	for	hair-,	skin-	and	esophageal-types	of	
differentiation.	Exp	Cell	Res	181:141–158.	
Diamond	I,	Owolabi	T,	Marco	M,	Lam	C,	Glick	A	(2000)	Conditional	Gene	Expression	in	
the	Epidermis	of	Transgenic	Mice	Using	the	Tetracycline-Regulated	Transactivators	
tTA	and	rTA	Linked	to	the	Keratin	5	Promoter.	J	Investig	Dermatol	115:788–794.	
	 165	
Driskell	RR,	Giangreco	A,	Jensen	KB,	Mulder	KW,	Watt	FM	(2009)	Sox2-positive	dermal	
papilla	cells	specify	hair	follicle	type	in	mammalian	epidermis.	Development	
136:2815–2823.	
Dvoryanchikov	G,	Tomchik	SM,	Chaudhari	N	(2007)	Biogenic	amine	synthesis	and	
uptake	in	rodent	taste	buds.	J	Comp	Neurol	505:302–313.	
Eberl	M	et	al.	(2012)	Hedgehog-EGFR	cooperation	response	genes	determine	the	
oncogenic	phenotype	of	basal	cell	carcinoma	and	tumour-initiating	pancreatic	
cancer	cells.	EMBO	Mol	Med	4:218–233.	
Echelard	Y,	Epstein	DJ,	St-Jacques	B,	Shen	L,	Mohler	J,	McMahon	JA,	McMahon	AP	(1993)	
Sonic	hedgehog,	a	member	of	a	family	of	putative	signaling	molecules,	is	implicated	
in	the	regulation	of	CNS	polarity.	Cell	75:1417–1430.	
Ellis	P,	Fagan	BM,	Magness	ST,	Hutton	S,	Taranova	O,	Hayashi	S,	McMahon	A,	Rao	M,	
Pevny	L	(2004)	SOX2,	a	persistent	marker	for	multipotential	neural	stem	cells	
derived	from	embryonic	stem	cells,	the	embryo	or	the	adult.	Dev	Neurosci	26:148–
165	Available	at:	
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=15711
057&retmode=ref&cmd=prlinks.	
Farbman	AI	(1969)	Fine	structure	of	degenerating	tast	buds	after	denervation.	J	
Embryol	Exp	Morphol	22:55–68.	
Farbman	AI	(1980)	Renewal	of	taste	bud	cells	in	rat	circumvallate	papillae.	Cell	Tissue	
Kinet	13:349–357.	
Farbman	AI,	Mbiene	JP	(1991)	Early	development	and	innervation	of	taste	bud-bearing	
papillae	on	the	rat	tongue.	J	Comp	Neurol	304:172–186.	
Fauquier	T,	Rizzoti	K,	Dattani	M,	Lovell-Badge	R,	Robinson	ICAF	(2008)	SOX2-
expressing	progenitor	cells	generate	all	of	the	major	cell	types	in	the	adult	mouse	
pituitary	gland.	Proceedings	of	the	National	Academy	of	Sciences	105:2907–2912.	
Feng	P,	Huang	L,	Wang	H	(2013)	Taste	Bud	Homeostasis	in	Health,	Disease,	and	Aging.	
Chemical	Senses.	
Ferent	J,	Cochard	L,	Faure	H,	Taddei	M,	Hahn	H,	Ruat	M,	Traiffort	E	(2014)	Genetic	
activation	of	Hedgehog	signaling	unbalances	the	rate	of	neural	stem	cell	renewal	by	
increasing	symmetric	divisions.	Stem	Cell	Reports	3:–.	
Finger	TE,	Danilova	V,	Barrows	J,	Bartel	DL,	Vigers	AJ,	Stone	L,	Hellekant	G,	Kinnamon	
SC	(2005)	ATP	signaling	is	crucial	for	communication	from	taste	buds	to	gustatory	
nerves.	Science	310:1495–1499.	
	
	 166	
Finger	TE,	Simon	SA	(2000)	Cell	biology	of	taste	epithelium.	In:	The	Neurobiology	of	
Taste	and	Smell,	2nd	ed.	(Finger	TE,	Silver	WL,	Restrepo	D,	eds),	pp	287–314.	New	
York:	Wiley-Liss.	
Fuchs	E	(2009)	The	tortoise	and	the	hair:	slow-cycling	cells	in	the	stem	cell	race.	Cell	
137:811–819.	
Gaillard	D,	Barlow	LA	(2011)	Taste	bud	cells	of	adult	mice	are	responsive	to	Wnt/β-
catenin	signaling:	implications	for	the	renewal	of	mature	taste	cells.	Genesis	
49:295–306.	
Gaillard	D,	Xu	M,	Liu	F,	Millar	SE,	Barlow	LA	(2015)	β-catenin	signaling	biases	
multipotent	lingual	epithelial	progenitors	to	differentiate	and	acquire	specific	taste	
cell	fates.	PLoS	Genet.	
Gavet	O,	Pines	J	(2010)	Progressive	activation	of	CyclinB1-Cdk1	coordinates	entry	to	
mitosis.	Developmental	Cell	18:533–543.	
Graham	V,	Khudyakov	J,	Ellis	P,	Pevny	L	(2003)	SOX2	functions	to	maintain	neural	
progenitor	identity.	Neuron	39:749–765.	
Gritli-Linde	A,	Lewis	P,	McMahon	AP,	Linde	A	(2001)	The	Whereabouts	of	a	Morphogen:	
Direct	Evidence	for	Short-	and	Graded	Long-Range	Activity	of	Hedgehog	Signaling	
Peptides.	Developmental	Biology	236:364–386.	
Guagliardo	NA,	Hill	DL	(2007)	Fungiform	taste	bud	degeneration	in	C57BL/6J	mice	
following	chorda-lingual	nerve	transection.	J	Comp	Neurol	504:206–216.	
Guerrero	I,	Chiang	C	(2007)	A	conserved	mechanism	of	Hedgehog	gradient	formation	
by	lipid	modifications.	Trends	in	Cell	Biology	17:1–5.	
Guth	L	(1957)	The	effects	of	glossopharyngeal	nerve	transection	on	the	circumvallate	
papilla	of	the	rat.	Anat	Rec	128:715–731.	
Hai	B,	Qin	L,	Yang	Z,	Zhao	Q,	Shangguan	L,	Ti	X,	Zhao	Y,	Kim	S,	Rangaraj	D,	Liu	F	(2014)	
Transient	activation	of	hedgehog	pathway	rescued	irradiation-induced	
hyposalivation	by	preserving	salivary	stem/progenitor	cells	and	parasympathetic	
innervation.	Clin	Cancer	Res	20:140–150.	
Hall	JM,	Bell	ML,	Finger	TE	(2003)	Disruption	of	sonic	hedgehog	signaling	alters	growth	
and	patterning	of	lingual	taste	papillae.	Developmental	Biology	255:263–277.	
Hall	JM,	Hooper	JE,	Finger	TE	(1999)	Expression	of	sonic	hedgehog,	patched,	and	Gli1	in	
developing	taste	papillae	of	the	mouse.	J	Comp	Neurol	406:143–155.	
Hamamichi	R,	Asano-Miyoshi	M,	Emori	Y	(2006)	Taste	bud	contains	both	short-lived	
and	long-lived	cell	populations.	Neuroscience	141:2129–2138.	
	 167	
Harfe	BD,	Scherz	PJ,	Nissim	S,	Tian	H,	McMahon	AP,	Tabin	CJ	(2004)	Evidence	for	an	
expansion-based	temporal	Shh	gradient	in	specifying	vertebrate	digit	identities.	Cell	
118:517–528.	
Hendricks	SJ,	Brunjes	PC,	Hill	DL	(2004)	Taste	bud	cell	dynamics	during	normal	and	
sodium-restricted	development.	J	Comp	Neurol	472:173–182.	
Hill	DL	(2004)	Neural	Plasticity	in	the	Gustatory	System.	Nutr	Rev	62:208–217.	
Hirota	M,	Ito	T,	Okudela	K,	Kawabe	R,	Hayashi	H,	Yazawa	T,	Fujita	K,	Kitamura	H	(2001)	
Expression	of	cyclin-dependent	kinase	inhibitors	in	taste	buds	of	mouse	and	
hamster.	Tissue	Cell	33:25–32.	
Hisha	H,	Tanaka	T,	Kanno	S,	Tokuyama	Y,	Komai	Y,	Ohe	S,	Yanai	H,	Omachi	T,	Ueno	H	
(2013)	Establishment	of	a	Novel	Lingual	Organoid	Culture	System:	Generation	of	
Organoids	Having	Mature	Keratinized	Epithelium	from	Adult	Epithelial	Stem	Cells.	
Sci	Rep	3.	
Hong	JH,	Omur-Ozbek	P,	Stanek	BT,	Dietrich	AM,	Duncan	SE,	Lee	YW,	Lesser	G	(2009)	
Taste	and	odor	abnormalities	in	cancer	patients.	J	Support	Oncol	7:58–65.	
Hooper	JE,	Scott	MP	(2005)	Communicating	with	Hedgehogs.	Nat	Rev	Mol	Cell	Biol	
6:306–317.	
Hsu	Y-C,	Li	L,	Fuchs	E	(2014)	Transit-Amplifying	Cells	Orchestrate	Stem	Cell	Activity	
and	Tissue	Regeneration.	Cell	157:935–949.	
Huang	AL,	Chen	X,	Hoon	MA,	Chandrashekar	J,	Guo	W,	Tränkner	D,	Ryba	NJP,	Zuker	CS	
(2006)	The	cells	and	logic	for	mammalian	sour	taste	detection.	Nature	442:934–
938.	
Huang	H,	Cotton	JL,	Wang	Y,	Rajurkar	M,	Zhu	LJ,	Lewis	BC,	Mao	J	(2013)	Specific	
requirement	of	Gli	transcription	factors	in	Hedgehog-mediated	intestinal	
development.	Journal	of	Biological	Chemistry	288:17589–17596.	
Huang	L,	Shanker	YG,	Dubauskaite	J,	Zheng	JZ,	Yan	W,	Rosenzweig	S,	Spielman	AI,	Max	
M,	Margolskee	RF	(1999)	Ggamma13	colocalizes	with	gustducin	in	taste	receptor	
cells	and	mediates	IP3	responses	to	bitter	denatonium.	Nat	Neurosci	2:1055–1062.	
Huang	Y-J,	Maruyama	Y,	Dvoryanchikov	G,	Pereira	E,	Chaudhari	N,	Roper	SD	(2007)	The	
role	of	pannexin	1	hemichannels	in	ATP	release	and	cell-cell	communication	in	
mouse	taste	buds.	Proc	Natl	Acad	Sci	USA	104:6436–6441.	
Huang	YA,	Maruyama	Y,	Roper	SD	(2008a)	Norepinephrine	Is	Coreleased	with	
Serotonin	in	Mouse	Taste	Buds.	Journal	of	Neuroscience	28:13088–13093.	
	
	 168	
Huang	YA,	Maruyama	Y,	Stimac	R,	Roper	SD	(2008b)	Presynaptic	(Type	III)	cells	in	
mouse	taste	buds	sense	sour	(acid)	taste.	The	Journal	of	Physiology	586:2903–
2912.	
Hume	WJ,	Potten	CS	(1976)	The	ordered	columnar	structure	of	mouse	filiform	papillae.	
Journal	of	Cell	Science	22:149–160.	
Ingham	PW,	McMahon	AP	(2001)	Hedgehog	signaling	in	animal	development:	
paradigms	and	principles.	Genes	&	Development	15:3059–3087.	
Ivanova	A,	Signore	M,	Caro	N,	Greene	NDE,	Copp	AJ,	Martinez-Barbera	JP	(2005)	In	vivo	
genetic	ablation	by	Cre-mediated	expression	of	diphtheria	toxin	fragment	A.	
Genesis	43:129–135.	
Iwasaki	S-I,	Yoshizawa	H,	Aoyagi	H	(2006)	Immunohistochemical	expression	of	keratins	
13	and	14	in	the	lingual	epithelium	of	rats	during	the	morphogenesis	of	filiform	
papillae.	Arch	Oral	Biol	51:416–426.	
Iwatsuki	K,	Liu	H-X,	Grónder	A,	Singer	MA,	Lane	TF,	Grosschedl	R,	Mistretta	CM,	
Margolskee	RF	(2007)	Wnt	signaling	interacts	with	Shh	to	regulate	taste	papilla	
development.	Proc	Natl	Acad	Sci	USA	104:2253–2258.	
Jaegle	M,	Ghazvini	M,	Mandemakers	W,	Piirsoo	M,	Driegen	S,	Levavasseur	F,	Raghoenath	
S,	Grosveld	F,	Meijer	D	(2003)	The	POU	proteins	Brn-2	and	Oct-6	share	important	
functions	in	Schwann	cell	development.	Genes	&	Development	17:1380–1391.	
Jensen	KB,	Collins	CA,	Nascimento	E,	Tan	DW,	Frye	M,	Itami	S,	Watt	FM	(2009)	Lrig1	
Expression	Defines	a	Distinct	Multipotent	Stem	Cell	Population	in	Mammalian	
Epidermis.	Stem	Cell	4:427–439.	
Jensen	KB,	Watt	FM	(2006)	Single-cell	expression	profiling	of	human	epidermal	stem	
and	transit-amplifying	cells:	Lrig1	is	a	regulator	of	stem	cell	quiescence.	Proc	Natl	
Acad	Sci	USA	103:11958–11963.	
Jiang	J,	Hui	C-C	(2008)	Hedgehog	Signaling	in	Development	and	Cancer.	Developmental	
Cell	15:801–812.	
Jiang	P,	Ji	Q,	Liu	Z,	Snyder	LA,	Benard	LMJ,	Margolskee	RF,	Max	M	(2004)	The	Cysteine-
rich	Region	of	T1R3	Determines	Responses	to	Intensely	Sweet	Proteins.	Journal	of	
Biological	Chemistry	279:45068–45075.	
Jung	HS,	Oropeza	V,	Thesleff	I	(1999)	Shh,	Bmp-2,	Bmp-4	and	Fgf-8	are	associated	with	
initiation	and	patterning	of	mouse	tongue	papillae.	Mechanisms	of	Development	
81:179–182.	
	
	 169	
Juuri	E,	Saito	K,	Ahtiainen	L,	Seidel	K,	Tummers	M,	Hochedlinger	K,	Klein	OD,	Thesleff	I,	
Michon	F	(2012)	Sox2+	Stem	Cells	Contribute	to	All	Epithelial	Lineages	of	the	Tooth	
via	Sfrp5+	Progenitors.	Developmental	Cell	23:317–328.	
Kafri	R,	Levy	M,	Pilpel	Y	(2006)	The	regulatory	utilization	of	genetic	redundancy	
through	responsive	backup	circuits.	Proc	Natl	Acad	Sci	USA	103:11653–11658.	
Kakanj	P,	Reuter	K,	Séquaris	G,	Wodtke	C,	Schettina	P,	Frances	D,	Zouboulis	CC,	Lanske	
B,	Niemann	C	(2013)	Indian	Hedgehog	Controls	Proliferation	and	Differentiation	in	
Skin	Tumorigenesis	and	Protects	against	Malignant	Progression.	CellReports	4:340–
351.	
Kamachi	Y,	Uchikawa	M,	Collignon	J,	Lovell-Badge	R,	Kondoh	H	(1998)	Involvement	of	
Sox1,	2	and	3	in	the	early	and	subsequent	molecular	events	of	lens	induction.	
Development	125:2521–2532.	
Kanazawa	H,	Yoshie	S	(1996)	The	taste	bud	and	its	innervation	in	the	rat	as	studied	by	
immunohistochemistry	for	PGP	9.5.	Arch	Histol	Cytol	59:357–367.	
Kapsimali	M,	Barlow	LA	(2012)	Developing	a	sense	of	taste.	Seminars	in	Cell	&	
Developmental	Biology:1–10.	
Karwoski	CJ,	Lu	HK,	Newman	EA	(1989)	Spatial	buffering	of	light-evoked	potassium	
increases	by	retinal	Müller	(glial)	cells.	Science	244:578–580.	
Kasper	M,	Jaks	V,	Hohl	D,	Toftgård	R	(2012)	Basal	cell	carcinoma	-	molecular	biology	
and	potential	new	therapies.	J	Clin	Invest	122:455–463.	
Kawasaki	K,	Porntaveetus	T,	Oommen	S,	Ghafoor	S,	Kawasaki	M,	Otsuka-Tanaka	Y,	
Blackburn	J,	Kessler	JA,	Sharpe	PT,	Ohazama	A	(2011)	Bmp	signalling	in	filiform	
tongue	papillae	development.	Arch	Oral	Biol	57:805–813.	
Kiernan	AE,	Pelling	AL,	Leung	KKH,	Tang	ASP,	Bell	DM,	Tease	C,	Lovell-Badge	R,	Steel	
KP,	Cheah	KSE	(2005)	Sox2	is	required	for	sensory	organ	development	in	the	
mammalian	inner	ear.	Nature	434:1031–1035.	
Kinnamon	JCJ,	Henzler	DMD,	Royer	SMS	(1993)	HVEM	ultrastructural	analysis	of	mouse	
fungiform	taste	buds,	cell	types,	and	associated	synapses.	Microsc	Res	Tech	26:142–
156.	
Kinnman	E,	Aldskogius	H	(1988)	Collateral	reinnervation	of	taste	buds	after	chronic	
sensory	denervation:	a	morphological	study.	J	Comp	Neurol	270:569–574.	
Knapp	L,	Lawton	A,	Oakley	B,	Wong	L,	Zhang	C	(1995)	Keratins	as	markers.	
Differentiation	58:341–349.	
	
	 170	
Krimm	RF,	Barlow	LA	(2007)	Development	of	the	taste	system.	In:	Olfaction	and	Taste	
(Smith	DV,	Firestein	S,	Beauchamp	GK,	eds),	pp	1–31.	San	Diego:	Academic	Press.	
Krimm	RFR,	Hill	DLD	(1998)	Innervation	of	single	fungiform	taste	buds	during	
development	in	rat.	J	Comp	Neurol	398:13–24.	
Krimm	RFR,	Hill	DLD	(2000)	Neuron/target	matching	between	chorda	tympani	
neurons	and	taste	buds	during	postnatal	rat	development.	J	Neurobiol	43:98–106.	
Kumari	A,	Ermilov	AN,	Allen	BL,	Bradley	RM,	Dlugosz	AA,	Mistretta	CM	(2015)	
Hedgehog	pathway	blockade	with	the	cancer	drug	LDE225	disrupts	taste	organs	
and	taste	sensation.	J	Neurophysiol	113:1034–1040.	
Lawton	DM,	Furness	DN,	Lindemann	B,	Hackney	CM	(2000)	Localization	of	the	
glutamate–aspartate	transporter,	GLAST,	in	rat	taste	buds.	Eur	J	Neurosci	12:3163–
3171.	
Lefebvre	V,	Dumitriu	B,	Penzo-Méndez	A,	Han	Y,	Pallavi	B	(2007)	Control	of	cell	fate	and	
differentiation	by	Sry-related	high-mobility-group	box	(Sox)	transcription	factors.	
The	International	Journal	of	Biochemistry	&	Cell	Biology	39:2195–2214.	
Lewandowski	BC,	Sukumaran	SK,	Margolskee	RF,	Bachmanov	AA	(2016)	Amiloride-
Insensitive	Salt	Taste	Is	Mediated	by	Two	Populations	of	Type	III	Taste	Cells	with	
Distinct	Transduction	Mechanisms.	Journal	of	Neuroscience	36:1942–1953.	
Lewis	PM,	Gritli-Linde	A,	Smeyne	R,	Kottmann	A,	McMahon	AP	(2004)	Sonic	hedgehog	
signaling	is	required	for	expansion	of	granule	neuron	precursors	and	patterning	of	
the	mouse	cerebellum.	Developmental	Biology	270:393–410.	
Li	L,	Carr	AL,	Sun	L,	Drewing	A,	Lee	J,	Rao	Z	(2015)	A	novel	function	of	the	human	
oncogene	Stil:	Regulation	of	PC12	cell	toxic	susceptibility	through	the	Shh	pathway.	
Sci	Rep	5:16513–16513.	
Li	M,	Indra	AK,	Warot	X,	Brocard	J,	Messaddeq	N,	Kato	S,	Metzger	D,	Chambon	P	(2000)	
Skin	abnormalities	generated	by	temporally	controlled	RXRalpha	mutations	in	
mouse	epidermis.	Nature	407:633–636.	
Li	X,	Staszewski	L,	Xu	H,	Durick	K,	Zoller	M,	Adler	E	(2002)	Human	receptors	for	sweet	
and	umami	taste.	Proc	Natl	Acad	Sci	USA	99:4692–4696.	
Lim	A,	Shin	K,	Zhao	C,	Kawano	S,	Beachy	PA	(2014)	Spatially	restricted	Hedgehog	
signalling	regulates	HGF-induced	branching	of	the	adult	prostate.	Nat	Cell	Biol	
16:1135–1145.	
Lindemann	B	(2001)	Receptors	and	transduction	in	taste.	Nature	413:219–225.	
	
	 171	
Liu	F,	Thirumangalathu	S,	Gallant	NM,	Yang	SH,	Stoick-Cooper	CL,	Reddy	ST,	Andl	T,	
Taketo	MM,	Dlugosz	AA,	Moon	RT,	Barlow	LA,	Millar	SE	(2007)	Wnt-β-catenin	
signaling	initiates	taste	papilla	development.	Nat	Genet	39:106–112.	
Liu	H-X,	Ermilov	A,	Grachtchouk	M,	Li	L,	Gumucio	DL,	Dlugosz	AA,	Mistretta	CM	(2013)	
Multiple	Shh	signaling	centers	participate	in	fungiform	papilla	and	taste	bud	
formation	and	maintenance.	Developmental	Biology	382:82–97.	
Liu	H-X,	Maccallum	DK,	Edwards	C,	Gaffield	W,	Mistretta	CM	(2004)	Sonic	hedgehog	
exerts	distinct,	stage-specific	effects	on	tongue	and	taste	papilla	development.	
Developmental	Biology	276:280–300.	
Liu	Z,	Walters	BJ,	Owen	T,	Brimble	MA,	Steigelman	KA,	Zhang	L,	Mellado	Lagarde	MM,	
Valentine	MB,	Yu	Y,	Cox	BC,	Zuo	J	(2012)	Regulation	of	p27Kip1	by	Sox2	Maintains	
Quiescence	of	Inner	Pillar	Cells	in	the	Murine	Auditory	Sensory	Epithelium.	Journal	
of	Neuroscience	32:10530–10540.	
Lopez	GF,	Krimm	RF	(2006)	Refinement	of	innervation	accuracy	following	initial	
targeting	of	peripheral	gustatory	fibers.	J	Neurobiol	66:1033–1043.	
LopezJimenez	ND,	Cavenagh	MM,	Sainz	E,	Cruz-Ithier	MA,	Battey	JF,	Sullivan	SL	(2006)	
Two	members	of	the	TRPP	family	of	ion	channels,	Pkd1l3	and	Pkd2l1,	are	co-
expressed	in	a	subset	of	taste	receptor	cells.	J	Neurochem	98:68–77.	
LoRusso	PM,	Rudin	CM,	Reddy	JC,	Tibes	R,	Weiss	GJ,	Borad	MJ,	Hann	CL,	Brahmer	JR,	
Chang	I,	Darbonne	WC,	Graham	RA,	Zerivitz	KL,	Low	JA,	Hoff	Von	DD	(2011)	Phase	I	
Trial	of	Hedgehog	Pathway	Inhibitor	Vismodegib	(GDC-0449)	in	Patients	with	
Refractory,	Locally	Advanced	or	Metastatic	Solid	Tumors.	Clinical	Cancer	Research	
17:2502–2511.	
Luo	X,	Okubo	T,	Randell	S,	Hogan	BLM	(2009)	Culture	of	endodermal	stem/progenitor	
cells	of	the	mouse	tongue.	In	Vitro	CellDevBiol-Animal	45:44–54.	
Ma	H,	Yang	R,	Thomas	SM,	Kinnamon	JC	(2007)	Qualitative	and	quantitative	differences	
between	taste	buds	of	the	rat	and	mouse.	BMC	Neuroscience	8:5.	
Madisen	L,	Zwingman	TA,	Sunkin	SM,	Oh	SW,	Zariwala	HA,	Gu	H,	Ng	LL,	Palmiter	RD,	
Hawrylycz	MJ,	Jones	AR,	Lein	ES,	Zeng	H	(2010)	A	robust	and	high-throughput	Cre	
reporting	and	characterization	system	for	the	whole	mouse	brain.	Nat	Neurosci	
13:133–140.	
Martinez	JA,	Kobayashi	M,	Krishnan	A,	Webber	C,	Christie	K,	Guo	G,	Singh	V,	Zochodne	
DW	(2015)	Intrinsic	facilitation	of	adult	peripheral	nerve	regeneration	by	the	Sonic	
hedgehog	morphogen.	Experimental	Neurology	271:493–505.	
Matsumoto	I,	Ohmoto	M,	Narukawa	M,	Yoshihara	Y,	Abe	K	(2011)	Skn-1a	(Pou2f3)	
specifies	taste	receptor	cell	lineage.	Nat	Neurosci	14:685–687.	
	 172	
McLaughlin	SK,	Margolskee	RF	(1992)	Gustducin	is	a	taste-cell-specific	G	protein	closely	
related	to	the	transducins.	Nature	357:563–569.	
Medler	KF,	Margolskee	RF,	Kinnamon	SC	(2003)	Electrophysiological	characterization	
of	voltage-gated	currents	in	defined	taste	cell	types	of	mice.	Journal	of	Neuroscience	
23:2608–2617.	
Michlig	S,	Damak	S,	Le	Coutre	J	(2007)	Claudin-based	permeability	barriers	in	taste	
buds.	J	Comp	Neurol	502:1003–1011.	
Migden	MR	et	al.	(2015)	Treatment	with	two	different	doses	of	sonidegib	in	patients	
with	locally	advanced	or	metastatic	basal	cell	carcinoma	(BOLT):	a	multicentre,	
randomised,	double-blind	phase	2	trial.	Lancet	Oncol	16:716–728.	
Mistretta	C	(1991)	Developmental	neurobiology	of	the	taste	system.	In:	Smell	and	Taste	
in	Health	and	Disease	(Getchell	TV,	Doty	RL,	Bartoshuk	LM,	Snow	JBJ,	eds),	pp	35.	
New	York:	Raven	Press.	
Mistretta	C,	Liu	H,	Gaffield	W,	MacCallum	D	(2003)	Cyclopamine	and	jervine	in	
embryonic	rat	tongue	cultures	demonstrate	a	role	for	Shh	signaling	in	taste	papilla	
development	and	patterning:	fungiform	papillae	double	in	number	and	form	in	
novel	locations	in	dorsal	lingual	epithelium.	Developmental	Biology	254:1–18.	
Miura	H	(2003)	Co-expression	pattern	of	Shh	with	Prox1	and	that	of	Nkx2.2	with	Mash1	
in	mouse	taste	bud.	Gene	Expression	Patterns	3:427–430.	
Miura	H,	Barlow	LA	(2010)	Taste	bud	regeneration	and	the	search	for	taste	progenitor	
cells.	Arch	Ital	Biol	148:107–118.	
Miura	H,	Kato	H,	Kusakabe	Y,	Tagami	M,	Miura-Ohnuma	J,	Ninomiya	Y,	Hino	A	(2004)	A	
strong	nerve	dependence	of	sonic	hedgehog	expression	in	basal	cells	in	mouse	taste	
bud	and	an	autonomous	transcriptional	control	of	genes	in	differentiated	taste	cells.	
Chemical	Senses	29:823–831.	
Miura	H,	Kusakabe	Y,	Harada	S	(2006)	Cell	lineage	and	differentiation	in	taste	buds.	
Arch	Histol	Cytol	69:209–225.	
Miura	H,	Kusakabe	Y,	Sugiyama	C,	Kawamatsu	M,	Ninomiya	Y,	Motoyama	J,	Hino	A	
(2001)	Shh	and	Ptc	are	associated	with	taste	bud	maintenance	in	the	adult	mouse.	
Mechanisms	of	Development	106:143–145.	
Miura	H,	Scott	JK,	Harada	S,	Barlow	LA	(2014)	Sonic	hedgehog-expressing	basal	cells	
are	general	post-mitotic	precursors	of	functional	taste	receptor	cells.	Dev	Dyn	
243:1286–1297.	
	
	 173	
Moll	R,	Franke	WW,	Schiller	DL,	Geiger	B,	Krepler	R	(1982)	The	catalog	of	human	
cytokeratins:	patterns	of	expression	in	normal	epithelia,	tumors	and	cultured	cells.	
Cell	31:11–24.	
Mukherjee	N,	Delay	ER	(2011)	Cyclophosphamide-induced	disruption	of	umami	taste	
functions	and	taste	epithelium.	Neuroscience	192:732–745.	
Nagaoka	K,	Zhang	H,	Watanabe	G,	Taya	K	(2013)	Epithelial	Cell	Differentiation	
Regulated	by	MicroRNA-200a	in	Mammary	Glands	Ahmad	A,	ed.	PLoS	ONE	
8:e65127.	
Nagato	T,	Matsumoto	K,	Tanioka	H,	Kodama	J,	Toh	H	(1995)	Effect	of	denervation	on	
morphogenesis	of	the	rat	fungiform	papilla.	Acta	Anat	(Basel)	153:301–309.	
Nakamura	S-I,	Kawai	T,	Kamakura	T,	Ookura	T	(2010)	TGF-beta3	is	expressed	in	taste	
buds	and	inhibits	proliferation	of	primary	cultured	taste	epithelial	cells.	In	Vitro	
CellDevBiol-Animal	46:36–44.	
Nakayama	A,	Miura	H,	Ooki	M,	Harada	S	(2014)	During	development	intense	Sox2	
expression	marks	not	only	Prox1-expressing	taste	bud	cell	but	also	perigemmal	cell	
lineages.	Cell	Tissue	Res.	
Negri	R,	Di	Feola	M,	Di	Domenico	S,	Scala	MG,	Artesi	G,	Valente	S,	Smarrazzo	A,	Turco	F,	
Morini	G,	Greco	L	(2011)	Taste	Perception	And	Food	Choices.	Journal	of	Pediatric	
Gastroenterology	and	Nutrition:1.	
Nelson	G,	Chandrashekar	J,	Hoon	MA,	Feng	L,	Zhao	G,	Ryba	NJP,	Zuker	CS	(2002)	An	
amino-acid	taste	receptor.	Nature	416:199–202.	
Nelson	G,	Hoon	MA,	Chandrashekar	J,	Zhang	Y,	Ryba	NJ,	Zuker	CS	(2001)	Mammalian	
sweet	taste	receptors.	Cell	106:381–390.	
Nelson	GM,	Finger	TE	(1993)	Immunolocalization	of	different	forms	of	neural	cell	
adhesion	molecule	(NCAM)	in	rat	taste	buds.	J	Comp	Neurol	336:507–516.	
Nelson	WG,	Sun	TT	(1983)	The	50-	and	58-kdalton	keratin	classes	as	molecular	
markers	for	stratified	squamous	epithelia:	cell	culture	studies.	J	Cell	Biol	97:244–
251.	
Ng	JMY,	Curran	T	(2011)	The	Hedgehog's	tale:	developing	strategies	for	targeting	
cancer.	Nat	Rev	Cancer	11:493–501.	
Nguyen	HM,	Barlow	LA	(2010)	Differential	expression	of	a	BMP4	reporter	allele	in	
anterior	fungiform	versus	posterior	circumvallate	taste	buds	of	mice.	BMC	
Neuroscience	11:129.	
	
	 174	
Nguyen	HM,	Reyland	ME,	Barlow	LA	(2012)	Mechanisms	of	Taste	Bud	Cell	Loss	after	
Head	and	Neck	Irradiation.	Journal	of	Neuroscience	32:3474–3484.	
Nissan	X,	Denis	JA,	Saidani	M,	Lemaitre	G,	Peschanski	M,	Baldeschi	C	(2011)	
Developmental	Biology.	Developmental	Biology	356:506–515.	
Nosrat	IV,	Lindskog	S,	Seiger	A,	Nosrat	CA	(2000)	Lingual	BDNF	and	NT-3	mRNA	
expression	patterns	and	their	relation	to	innervation	in	the	human	tongue:	
similarities	and	differences	compared	with	rodents.	J	Comp	Neurol	417:133–152.	
Oakley	B,	Lawton	A,	Riddle	DR,	Wu	L-H	(1993)	Morphometric	and	immunocytochemical	
assessment	of	fungiform	taste	buds	after	interruption	of	the	chorda-lingual	nerve.	
Microsc	Res	Tech	26:187–195.	
Oakley	B,	Witt	M	(2004)	Building	sensory	receptors	on	the	tongue.	J	Neurocytol	
33:631–646.	
Oakley	B,	Wu	LH,	Lawton	A,	deSibour	C	(1990)	Neural	control	of	ectopic	filiform	spines	
in	adult	tongue.	Neuroscience	36:831–838.	
Ohtubo	Y,	Yoshii	K	(2011)	Quantitative	analysis	of	taste	bud	cell	numbers	in	fungiform	
and	soft	palate	taste	buds	of	mice.	Brain	Res	1367:13–21.	
Okubo	T,	Clark	C,	Hogan	BLM	(2009)	Cell	Lineage	Mapping	of	Taste	Bud	Cells	and	
Keratinocytes	in	the	Mouse	Tongue	and	Soft	Palate.	Stem	Cells	27:442–450.	
Okubo	T,	Pevny	LH,	Hogan	BLM	(2006)	Sox2	is	required	for	development	of	taste	bud	
sensory	cells.	Genes	&	Development	20:2654–2659.	
Oro	AE,	Higgins	KM,	Hu	Z,	Bonifas	JM,	Epstein	EH,	Scott	MP	(1997)	Basal	cell	
carcinomas	in	mice	overexpressing	sonic	hedgehog.	Science	276:817–821.	
Ota	MS,	Kaneko	Y,	Kondo	K,	Ogishima	S,	Tanaka	H,	Eto	K,	Kondo	T	(2009)	Combined	In	
Silico	and	In	Vivo	Analyses	Reveal	Role	of	Hes1	in	Taste	Cell	Differentiation	Finger	
TE,	ed.	PLoS	Genet	5:e1000443.	
Otsu	N	(1979)	A	Threshold	Selection	Method	from	Gray-Level	Histograms.	IEEE	
Transactions	on	Systems,	Man	and	Cybernetics,	9:62–66.	
Pan	S	et	al.	(2010)	Discovery	of	NVP-LDE225,	a	Potent	and	Selective	Smoothened	
Antagonist.	ACS	Med	Chem	Lett	1:130–134.	
Parks	JD,	Whitehead	MC	(1998)	Scanning	electron	microscopy	of	denervated	taste	buds	
in	hamster:	morphology	of	fungiform	taste	pores.	Anat	Rec	251:230–239.	
Parmantier	E,	Lynn	B,	Lawson	D,	Turmaine	M,	Namini	SS,	Chakrabarti	L,	McMahon	AP,	
Jessen	KR,	Mirsky	R	(1999)	Schwann	cell-derived	Desert	hedgehog	controls	the	
development	of	peripheral	nerve	sheaths.	Neuron	23:713–724.	
	 175	
Perea-Martinez	I,	Nagai	T,	Chaudhari	N	(2013)	Functional	cell	types	in	taste	buds	have	
distinct	longevities.	PLoS	ONE	8:e53399.	
Perl	A-KT,	Wert	SE,	Nagy	A,	Lobe	CG,	Whitsett	JA	(2002)	Early	restriction	of	peripheral	
and	proximal	cell	lineages	during	formation	of	the	lung.	Proc	Natl	Acad	Sci	USA	
99:10482–10487.	
Peterson	SC,	Eberl	M,	Vagnozzi	AN,	Belkadi	A,	Veniaminova	NA,	Verhaegen	ME,	
Bichakjian	CK,	Ward	NL,	Dlugosz	AA,	Wong	SY	(2015)	Basal	Cell	Carcinoma	
Preferentially	Arises	from	Stem	Cells	within	Hair	Follicle	and	Mechanosensory	
Niches.	Stem	Cell	16:400–412.	
Petrova	R,	Joyner	AL	(2014)	Roles	for	Hedgehog	signaling	in	adult	organ	homeostasis	
and	repair.	Development	141:3445–3457.	
Pérez	CA,	Huang	L,	Rong	M,	Kozak	JA,	Preuss	AK,	Zhang	H,	Max	M,	Margolskee	RF	
(2002)	A	transient	receptor	potential	channel	expressed	in	taste	receptor	cells.	Nat	
Neurosci	5:1169–1176.	
Pieri	L,	Sassoli	C,	Romagnoli	P,	Domenici	L	(2002)	Use	of	periodate-lysine-
paraformaldehyde	for	the	fixation	of	multiple	antigens	in	human	skin	biopsies.	Eur	J	
Histochem	46:365–375.	
Potten	CS,	Booth	D,	Cragg	NJ,	O'Shea	JA,	Tudor	GL,	Booth	C	(2002)	Cell	kinetic	studies	in	
murine	ventral	tongue	epithelium:	cell	cycle	progression	studies	using	double	
labelling	techniques.	Cell	Proliferation	35:16–21.	
Powell	AE,	Wang	Y,	Li	Y,	Poulin	EJ,	Means	AL,	Washington	MK,	Higginbotham	JN,	
Juchheim	A,	Prasad	N,	Levy	SE,	Guo	Y,	Shyr	Y,	Aronow	BJ,	Haigis	KM,	Franklin	JL,	
Coffey	RJ	(2012)	The	pan-ErbB	negative	regulator	Lrig1	is	an	intestinal	stem	cell	
marker	that	functions	as	a	tumor	suppressor.	Cell	149:146–158.	
Que	J,	Luo	X,	Schwartz	RJ,	Hogan	BLM	(2009)	Multiple	roles	for	Sox2	in	the	developing	
and	adult	mouse	trachea.	Development	136:1899–1907.	
Que	J,	Okubo	T,	Goldenring	JR,	Nam	KT,	Kurotani	R,	Morrisey	EE,	Taranova	O,	Pevny	LH,	
Hogan	BLM	(2007)	Multiple	dose-dependent	roles	for	Sox2	in	the	patterning	and	
differentiation	of	anterior	foregut	endoderm.	Development	134:2521–2531.	
Razzaque	MS,	Soegiarto	DW,	Chang	D,	Long	F,	Lanske	B	(2005)	Conditional	deletion	of	
Indian	hedgehog	from	collagen	type	2alpha1-expressing	cells	results	in	abnormal	
endochondral	bone	formation.	J	Pathol	207:453–461.	
	
	
	 176	
Rodon	J,	Tawbi	HA,	Thomas	AL,	Stoller	RG,	Turtschi	CP,	Baselga	J,	Sarantopoulos	J,	
Mahalingam	D,	Shou	Y,	Moles	MA,	Yang	L,	Granvil	C,	Hurh	E,	Rose	KL,	Amakye	DD,	
Dummer	R,	Mita	AC	(2014)	A	Phase	I,	Multicenter,	Open-Label,	First-in-Human,	
Dose-Escalation	Study	of	the	Oral	Smoothened	Inhibitor	Sonidegib	(LDE225)	in	
Patients	with	Advanced	Solid	Tumors.	Clinical	Cancer	Research	20:1900–1909.	
Romanov	RA,	Bystrova	MF,	Rogachevskaya	OA,	Sadovnikov	VB,	Shestopalov	VI,	
Kolesnikov	SS	(2012)	The	ATP	permeability	of	pannexin	1	channels	in	a	
heterologous	system	and	in	mammalian	taste	cells	is	dispensable.	Journal	of	Cell	
Science	125:5514–5523.	
Romanov	RA,	Rogachevskaja	OA,	Bystrova	MF,	Jiang	P,	Margolskee	RF,	Kolesnikov	SS	
(2007)	Afferent	neurotransmission	mediated	by	hemichannels	in	mammalian	taste	
cells.	EMBO	J	26:657–667.	
Roper	SD	(2007)	Signal	transduction	and	information	processing	in	mammalian	taste	
buds.	Pflüger,	Arch	454:759–776	Available	at:	
http://link.springer.com/article/10.1007/s00424-007-0247-x.	
Rossler	P,	Kroner	C,	Freitag	J,	Noe	J,	Breer	H	(1998)	Identification	of	a	phospholipase	C	
beta	subtype	in	rat	taste	cells.	European	Journal	of	Cell	Biology	77:253–261.	
Royer	SM,	Kinnamon	JC	(1991)	HVEM	serial-section	analysis	of	rabbit	foliate	taste	buds:	
I.	Type	III	cells	and	their	synapses.	J	Comp	Neurol	306:49–72.	
Rubin	LL,	de	Sauvage	FJ	(2006)	Targeting	the	Hedgehog	pathway	in	cancer.	Nat	Rev	
Drug	Discov	5:1026–1033.	
Ruiz-Avila	L,	McLaughlin	SK,	Wildman	D,	McKinnon	PJ,	Robichon	A,	Spickofsky	N,	
Margolskee	RF	(1995)	Coupling	of	bitter	receptor	to	phosphodiesterase	through	
transducin	in	taste	receptor	cells.	Nature	376:80–85.	
Ruo	Redda	MG,	Allis	S	(2006)	Radiotherapy-induced	taste	impairment.	Cancer	
Treatment	Reviews	32:541–547.	
Santini	R,	Pietrobono	S,	Pandolfi	S,	Montagnani	V,	D'Amico	M,	Penachioni	JY,	Vinci	MC,	
Borgognoni	L,	Stecca	B	(2014)	SOX2	regulates	self-renewal	and	tumorigenicity	of	
human	melanoma-initiating	cells.	Oncogene	33:4697–4708.	
Sánchez-Camacho	C,	Bovolenta	P	(2009)	Emerging	mechanisms	in	morphogen-
mediated	axon	guidance.	Bioessays	31:1013–1025.	
Schneider	FT,	Schänzer	A,	Czupalla	CJ,	Thom	S,	Engels	K,	Schmidt	MHH,	Plate	KH,	
Liebner	S	(2010)	Sonic	hedgehog	acts	as	a	negative	regulator	of	{beta}-catenin	
signaling	in	the	adult	tongue	epithelium.	The	American	Journal	of	Pathology	
177:404–414.	
	 177	
Schwarting	R,	Gerdes	J,	Niehus	J,	Jaeschke	L,	Stein	H	(1986)	Determination	of	the	
growth	fraction	in	cell	suspensions	by	flow	cytometry	using	the	monoclonal	
antibody	Ki-67.	J	Immunol	Methods	90:65–70.	
Seidel	K,	Ahn	CP,	Lyons	D,	Nee	A,	Ting	K,	Brownell	I,	Cao	T,	Carano	RAD,	Curran	T,	
Schober	M,	Fuchs	E,	Joyner	A,	Martin	GR,	de	Sauvage	FJ,	Klein	OD	(2010)	Hedgehog	
signaling	regulates	the	generation	of	ameloblast	progenitors	in	the	continuously	
growing	mouse	incisor.	Development	137:3753–3761.	
Seta	Y,	Oda	M,	Kataoka	S,	Toyono	T,	Toyoshima	K	(2011)	Mash1	is	required	for	the	
differentiation	of	AADC-positive	type	III	cells	in	mouse	taste	buds.	Dev	Dyn	
240:775–784.	
Seta	Y,	Seta	C,	Barlow	LA	(2003)	Notch-associated	gene	expression	in	embryonic	and	
adult	taste	papillae	and	taste	buds	suggests	a	role	in	taste	cell	lineage	decisions.	J	
Comp	Neurol	464:49–61.	
Shaham	O,	Smith	AN,	Robinson	ML,	Taketo	MM,	Lang	RA,	Ashery-Padan	R	(2009)	Pax6	
is	essential	for	lens	fiber	cell	differentiation.	Development	136:2567–2578	
Available	at:	
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=19570
848&retmode=ref&cmd=prlinks.	
Sloan	HE,	Hughes	SE,	Oakley	B	(1983)	Chronic	impairment	of	axonal	transport	
eliminates	taste	responses	and	taste	buds.	Journal	of	Neuroscience	3:117–123.	
Soriano	P	(1999)	Generalized	lacZ	expression	with	the	ROSA26	Cre	reporter	strain.	Nat	
Genet	21:70–71.	
Srinivas	S,	Watanabe	T,	Lin	CS,	William	CM,	Tanabe	Y,	Jessell	TM,	Costantini	F	(2001)	
Cre	reporter	strains	produced	by	targeted	insertion	of	EYFP	and	ECFP	into	the	
ROSA26	locus.	BMC	Dev	Biol	1:4.	
Stratford	JM,	Thompson	JA	(2016)	MSG-Evoked	c-Fos	Activity	in	the	Nucleus	of	the	
Solitary	Tract	Is	Dependent	upon	Fluid	Delivery	and	Stimulation	Parameters.	
Chemical	Senses.	
Sugimoto	T,	Fujiyoshi	Y,	Xiao	C,	He	YF,	Ichikawa	H	(1997)	Central	projection	of	
calcitonin	gene-related	peptide	(CGRP)-	and	substance	P	(SP)-immunoreactive	
trigeminal	primary	neurons	in	the	rat.	J	Comp	Neurol	378:425–442.	
Sullivan	JM,	Borecki	AA,	Oleskevich	S	(2010)	Stem	and	progenitor	cell	compartments	
within	adult	mouse	taste	buds.	Eur	J	Neurosci	31:1549–1560.	
Suzuki	Y	(2008)	Expression	of	Sox2	in	mouse	taste	buds	and	its	relation	to	innervation.	
Cell	Tissue	Res	332:393–401.	
	 178	
Suzuki	Y,	Ikeda	K,	Kawakami	K	(2010)	Expression	of	Six1	and	Six4	in	mouse	taste	buds.	
J	Mol	Histol	41:205–214.	
Takahashi	K,	Yamanaka	S	(2006)	Induction	of	Pluripotent	Stem	Cells	from	Mouse	
Embryonic	and	Adult	Fibroblast	Cultures	by	Defined	Factors.	Cell	126:663–676.	
Takanaga	H,	Tsuchida-Straeten	N,	Nishide	K,	Watanabe	A,	Aburatani	H,	Kondo	T	(2009)	
Gli2	Is	a	Novel	Regulator	of	Sox2	Expression	in	Telencephalic	Neuroepithelial	Cells.	
Stem	Cells	27:165–174.	
Takeda	M,	Suzuki	Y,	Obara	N,	Uchida	N,	Kawakoshi	K	(2005)	Expression	of	glial	cell	line-
derived	neurotrophic	factor	(GDNF)	and	GDNF	family	receptor	alpha1	in	mouse	
taste	bud	cells	after	denervation.	Anat	Sci	Int	80:105–110.	
Tanaka	T,	Komai	Y,	Tokuyama	Y,	Yanai	H,	Ohe	S,	Okazaki	K,	Ueno	H	(2013)	
Identification	of	stem	cells	that	maintain	and	regenerate	lingual	keratinized	
epithelial	cells.	Nat	Cell	Biol	15:1–9.	
Tang	JY,	Mackay-Wiggan	JM,	Aszterbaum	M,	Yauch	RL,	Lindgren	J,	Chang	K,	Coppola	C,	
Chanana	AM,	Marji	J,	Bickers	DR,	Epstein	EH	(2012)	Inhibiting	the	hedgehog	
pathway	in	patients	with	the	basal-cell	nevus	syndrome.	N	Engl	J	Med	366:2180–
2188.	
Taniguchi	R,	Shi	L,	Fujii	M,	Ueda	K,	Honma	S,	Wakisaka	S	(2005)	Jacalin	and	peanut	
agglutinin	(PNA)	bindings	in	the	taste	bud	cells	of	the	rat:	New	reliable	markers	for	
type	IV	cells	of	the	rat	taste	buds	TI	.	Arch	Histol	Cytol	68:243–250.	
Taranova	OV,	Magness	ST,	Fagan	BM,	Wu	Y,	Surzenko	N,	Hutton	SR,	Pevny	LH	(2006)	
SOX2	is	a	dose-dependent	regulator	of	retinal	neural	progenitor	competence.	Genes	
&	Development	20:1187–1202.	
Taruno	A,	Vingtdeux	V,	Ohmoto	M,	Ma	Z,	Dvoryanchikov	G,	Li	A,	Adrien	L,	Zhao	H,	Leung	
S,	Abernethy	M,	Koppel	J,	Davies	P,	Civan	MM,	Chaudhari	N,	Matsumoto	I,	Hellekant	
G,	Tordoff	MG,	Marambaud	P,	Foskett	JK	(2013)	CALHM1	ion	channel	mediates	
purinergic	neurotransmission	of	sweet,	bitter	and	umami	tastes.	Nature	495:223–
226.	
Teperino	R,	Aberger	F,	Esterbauer	H,	Riobo	N,	Pospisilik	JA	(2014)	Canonical	and	non-
canonical	Hedgehog	signalling	and	the	control	of	metabolism.	Seminars	in	Cell	&	
Developmental	Biology	33:81–92.	
Thirumangalathu	S,	Barlow	LA	(2015)	ß-Catenin	signaling	regulates	temporally	
discrete	phases	of	anterior	taste	bud	development.	Development.	
Thirumangalathu	S,	Harlow	DE,	Driskell	AL,	Krimm	RF,	Barlow	LA	(2009)	Fate	mapping	
of	mammalian	embryonic	taste	bud	progenitors.	Development	136:1519–1528.	
	 179	
Tomchik	SM,	Berg	S,	Kim	JW,	Chaudhari	N,	Roper	SD	(2007)	Breadth	of	tuning	and	taste	
coding	in	mammalian	taste	buds.	Journal	of	Neuroscience	27:10840–10848.	
Travers	SP,	Nicklas	K	(1990)	Taste	bud	distribution	in	the	rat	pharynx	and	larynx.	Anat	
Rec	227:373–379.	
Uchida	N,	Kanazawa	M,	Suzuki	Y,	Takeda	M	(2003)	Expression	of	BDNF	and	TrkB	in	
mouse	taste	buds	after	denervation	and	in	circumvallate	papillae	during	
development.	Arch	Histol	Cytol	66:17–25.	
van	den	Brink	GR	(2007)	Hedgehog	signaling	in	development	and	homeostasis	of	the	
gastrointestinal	tract.	Physiol	Rev	87:1343–1375.	
Vandenbeuch	A,	Clapp	TR,	Kinnamon	SC	(2008)	Amiloride-sensitive	channels	in	type	I	
fungiform	taste	cells	in	mouse.	BMC	Neuroscience	9:1.	
Vandenbeuch	A,	Larson	ED,	Anderson	CB,	Smith	SA,	Ford	AP,	Finger	TE,	Kinnamon	SC	
(2015)	Postsynaptic	P2X3-containing	receptors	in	gustatory	nerve	fibres	mediate	
responses	to	all	taste	qualities	in	mice.	The	Journal	of	Physiology	593:1113–1125.	
Villavicencio	EH,	Walterhouse	DO,	Iannaccone	PM	(2000)	The	sonic	hedgehog-patched-
gli	pathway	in	human	development	and	disease.	Am	J	Hum	Genet	67:1047–1054.	
Von	Vintschgau	M,	Hönigschmied	J	(1877)	Nervus	Glossopharyngeus	und	
Schmeckbecher.	Pflügers	Archiv	European	Journal	of	Physiology	14:443–448.	
Vokes	SA,	Ji	H,	McCuine	S,	Tenzen	T,	Giles	S,	Zhong	S,	Longabaugh	WJR,	Davidson	EH,	
Wong	WH,	McMahon	AP	(2007)	Genomic	characterization	of	Gli-activator	targets	in	
sonic	hedgehog-mediated	neural	patterning.	Development	134:1977–1989.	
Wang	H,	Iguchi	N,	Rong	Q,	Zhou	M,	Ogunkorode	M,	Inoue	M,	Pribitkin	EA,	Bachmanov	
AA,	Margolskee	RF,	Pfeifer	K,	Huang	L	(2009)	Expression	of	the	voltage-gated	
potassium	channel	KCNQ1	in	mammalian	taste	bud	cells	and	the	effect	of	its	null-
mutation	on	taste	preferences.	J	Comp	Neurol	512:384–398.	
Watt	FM,	Jensen	KB	(2009)	Epidermal	stem	cell	diversity	and	quiescence.	EMBO	Mol	
Med	1:260–267.	
Wellner	U	et	al.	(2009)	The	EMT-activator	ZEB1	promotes	tumorigenicity	by	repressing	
stemness-inhibiting	microRNAs.	Nat	Cell	Biol	11:1487–1495.	
Whitehead	MC,	Ganchrow	JR,	Ganchrow	D,	Yao	B	(1998)	Neural	cell	adhesion	molecule,	
neuron-specific	enolase	and	calcitonin	gene-related	peptide	immunoreactivity	in	
hamster	taste	buds	after	chorda	tympani/lingual	nerve	denervation.	Neuroscience	
83:843–856.	
	
	 180	
Winter	H,	Rentrop	M,	Nischt	R,	Schweizer	J	(1990)	Tissue-specific	expression	of	murine	
keratin	K13	in	internal	stratified	squamous	epithclia	and	its	aberrant	expression	
during	two-stage	mouse	skin	carcinogenesis	is	associated	with	the	methylation	
state	of	a	distinct	CpG	site	in	the	remote	5′-flanking	region	of	the	gene.	
Differentiation	43:105–114.	
Wismer	WV	(2008)	Assessing	alterations	in	taste	and	their	impact	on	cancer	care.	
Current	Opinion	in	Supportive	and	Palliative	Care	2:282–287.	
Wong	SY,	Dlugosz	AA	(2014)	Basal	cell	carcinoma,	hedgehog	signaling,	and	targeted	
therapeutics:	the	long	and	winding	road.	J	Invest	Dermatol	134:E18–E22.	
Woutersen	RA,	Appel	MJ,	van	Garderen-Hoetmer	A,	Wijnands	MV	(1999)	Dietary	fat	and	
carcinogenesis.	Mutat	Res	443:111–127.	
Xiao	Y,	Thoresen	DT,	Williams	JS,	Wang	C,	Perna	J,	Petrova	R,	Brownell	I	(2015)	Neural	
Hedgehog	signaling	maintains	stem	cell	renewal	in	the	sensory	touch	dome	
epithelium.	Proceedings	of	the	National	Academy	of	Sciences:201504177.	
Xin	T,	Greco	V,	Myung	P	(2016)	Hardwiring	Stem	Cell	Communication	through	Tissue	
Structure.	Cell	164:1212–1225.	
Xu	H,	Staszewski	L,	Tang	H,	Adler	E,	Zoller	M,	Li	X	(2004)	Different	functional	roles	of	
T1R	subunits	in	the	heteromeric	taste	receptors.	Proc	Natl	Acad	Sci	USA	
101:14258–14263.	
Yang	H,	Cong	W-N,	Yoon	JS,	Egan	JM	(2015)	Vismodegib,	an	antagonist	of	hedgehog	
signaling,	directly	alters	taste	molecular	signaling	in	taste	buds.	Cancer	Med	4:245–
252.	
Yang	R,	Crowley	HH,	Rock	ME,	Kinnamon	JC	(2000a)	Taste	cells	with	synapses	in	rat	
circumvallate	papillae	display	SNAP-25-like	immunoreactivity.	J	Comp	Neurol	
424:205–215.	
Yang	R,	Stoick	CL,	Kinnamon	JC	(2004)	Synaptobrevin-2-like	immunoreactivity	is	
associated	with	vesicles	at	synapses	in	rat	circumvallate	taste	buds.	J	Comp	Neurol	
471:59–71.	
Yang	R,	Tabata	S,	Crowley	HH,	Margolskee	RF,	Kinnamon	JC	(2000b)	Ultrastructural	
localization	of	gustducin	immunoreactivity	in	microvilli	of	type	II	taste	cells	in	the	
rat.	J	Comp	Neurol	425:139–151.	
Yarmolinsky	DA,	Zuker	CS,	Ryba	NJP	(2009)	Common	Sense	about	Taste:	From	
Mammals	to	Insects.	Cell	139:234–244.	
	
	 181	
Yauch	RL,	Gould	SE,	Scales	SJ,	Tang	T,	Tian	H,	Ahn	CP,	Marshall	D,	Fu	L,	Januario	T,	
Kallop	D,	Nannini-Pepe	M,	Kotkow	K,	Marsters	JC,	Rubin	LL,	de	Sauvage	FJ	(2008)	A	
paracrine	requirement	for	hedgehog	signalling	in	cancer.	Nature	455:406–410.	
Yee	C,	Bartel	DL,	Finger	TE	(2005)	Effects	of	glossopharyngeal	nerve	section	on	the	
expression	of	neurotrophins	and	their	receptors	in	lingual	taste	buds	of	adult	mice.	J	
Comp	Neurol	490:371–390.	
Yi	R,	Poy	MN,	Stoffel	M,	Fuchs	E	(2008)	A	skin	microRNA	promotes	differentiation	by	
repressing	'stemness'.	Nature	452:225–229.	
Zalewski	AA	(1973)	Regeneration	of	taste	buds	in	tongue	grafts	after	reinnervation	by	
neurons	in	transplanted	lumbar	sensory	ganglia.	Experimental	Neurology	40:161–
169.	
Zhang	Y,	Laterra	J,	Pomper	MG	(2009)	Hedgehog	pathway	inhibitor	HhAntag691	is	a	
potent	inhibitor	of	ABCG2/BCRP	and	ABCB1/Pgp.	Neoplasia	11:96–101.	
Zhao	H,	Feng	J,	Seidel	K,	Shi	S,	Klein	O,	Sharpe	P,	Chai	Y	(2014)	Secretion	of	Shh	by	a	
Neurovascular	Bundle	Niche	Supports	Mesenchymal	Stem	Cell	Homeostasisin	the	
Adult	Mouse	Incisor.	Stem	Cell	14:160–173.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 182	
APPENDIX	A	
DISASSEMBLING	TASTE:	PEELING	AND	DISSOCIATION	OF	ADULT	LINGUAL	
EPITHELIUM	TO	ACHIEVE	SINGLE	CELL	SUSPENSIONS	FOR	USE	IN	CELL	
SORTING	AND	HIGH-THROUGHPUT	ANALYSIS2	
Summary	
	
	 Dissociation	of	organs	into	cell	suspensions	is	a	widely	used	technique	that	allows	
analysis	of	single	and/or	populations	of	cells.	Organs	are	composed	of	heterogeneous	
populations	of	cells	that	perform	specific	coordinated	tasks	for	proper	function.	To	
understand	how	organs	respond	to	environmental	cues	and	renew	themselves	at	a	
molecular	level,	one	approach	is	to	simplify	the	complex	organization	of	tissues	and	
organs	by	isolating	single	cells	and	then	defining	their	gene	expression	profiles.	Until	
recently,	the	taste	system	has	lacked	tools	to	obtain	this	level	of	analysis,	mainly	due	to	
the	difficulty	of	obtaining	viable	single	cell	suspensions.	Here,	we	describe	how	to	peel	
and	dissociate	adult	tongue	epithelium	to	reliably	generate	single	cell	suspensions	that	
can	be	used	in	high-throughput	analyses.	
Keywords:	Taste,	gustation,	peeling,	dissociation,	single	cell,	lingual	epithelium,	stem	
cells.	
1.	Introduction	
	 The	sense	of	taste	provides	us	with	the	ability	to	evaluate	what	to	eat	and	what	to	
avoid,	promoting	ingestion	of	nutritious	substances	and	preventing	consumption	of	
foods	containing	potential	toxins.	Hence,	the	taste	system	is	implicated	in	dietary	
	
----------------------------------------------------------------------------------------------------------------	
2	This	Appendix	was	in	press	in	Methods	in	Molecular	Biology,	Craniofacial	Biology,	
2016	and	included	with	the	permission	of	the	copyright	holder.	
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selections	that	contribute	to	current	diseases	such	as	obesity,	cardiovascular	
malfunction,	diabetes	and	cancer	(Woutersen	et	al.,	1999;	Cornwell	and	McAlister,	
2011;	Negri	et	al.,	2011).		
	 In	vertebrates,	the	taste	system	consists	of	multicellular,	onion-shaped	receptor	
organs	known	as	taste	buds.	Taste	buds	house	a	heterogeneous	array	of	60-100	
elongate	post-mitotic	taste	receptor	cells,	which	are	responsible	for	transducing	and	
transmitting	chemical	stimuli	to	the	brain	via	gustatory	sensory	neurons.	In	mammals	
taste	buds	reside	within	specialized	epithelial	appendages	on	the	tongue	called	papillae;	
in	the	anterior	two-thirds	of	the	tongue,	fungiform	papillae	(FFP)	are	distributed	within	
the	predominantly	stratified	squamous	non-taste	epithelium	that	covers	the	dorsal	
lingual	surface,	while	the	posterior	tongue	possesses	larger,	more	complex	
circumvallate	papillae	(CVP)	(Winter	et	al.,	1990;	Nosrat	et	al.,	2000).	In	rodents,	each	
FFP	houses	a	single	taste	bud	and	a	unique	CVP	contains	several	hundred	taste	buds.	
Both	taste	buds	and	taste	papillae,	as	well	as	the	non-taste	epithelium	are	continuously	
renewed	throughout	life,	via	the	proliferation	of	basal	keratinocytes	which	are	
multipotent	progenitor	cells	(Beidler	and	Smallman,	1965;	Farbman,	1980;	Delay	et	al.,	
1986;	Hirota	et	al.,	2001;	Okubo	et	al.,	2009;	Miura	and	Barlow,	2010;	Nguyen	and	
Barlow,	2010;	Sullivan	et	al.,	2010).	Overall,	the	current	renewal	model	is	that	a	small	
number	of	stem	cells	undergo	infrequent	asymmetric	divisions	in	order	to	replenish	the	
stem	cell	pool	and	generate	transit	amplifying	(TA)	cells.	TA	daughters	are	thought	to	
undergo	symmetric	divisions	to	generate	post-mitotic	cells	that	will	become	taste	bud	
cells	or	non-taste	epithelium	(Miura	and	Barlow,	2010;	Barlow	and	Klein,	2015).		
	 We	have	a	growing	understanding	of	the	neurobiology	of	taste	bud	function	
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(Lindemann,	2001;	Krimm	and	Barlow,	2007;	Yarmolinsky	et	al.,	2009;	Chaudhari	and	
Roper,	2010),	but	our	understanding	of	the	molecular	regulation	of		taste	cell	renewal	
and	maintenance	is	limited	(Gaillard	and	Barlow,	2011;	Castillo	et	al.,	2014).		In	
particular,	identification	of	molecular	markers	that	allow	discrimination	of	bona	fide	
stem	cells	from	the	presumably	more	abundant	TA	cells	remains	elusive.		
	 Peeling	and	dissociation	of	adult	mouse	tongue	epithelium	into	single	cell	
suspension	would	allow	us	to	molecularly	characterize	both	well	recognized	lingual	cell	
populations,	such	as	cytokeratin	(K)	5	and	14	expressing	basal	keratinocytes	(Okubo	et	
al.,	2009),	Shh	positive	taste	precursor	cells	(Miura	et	al.,	2014)	and	differentiated	K8	
expressing	taste	receptor	cells	(Okubo	et	al.,	2009),	as	well	as	to	develop	tools	to	
identify	new	cell	subpopulations	that	make	up	the	mammalian	adult	lingual	epithelium.		
Further,	these	types	of	studies	will	allow	us	to	expand	from	candidate-based	
approaches	for	studies	of	genetic	regulation	of	taste	cell	renewal	to	now	include	a	more	
unbiased	line	of	inquiry	based	on	cell	type-specific	gene	expression	profiles.		
2.	Materials	
Solutions	are	prepared	using	either	Ham’s	F-12	Nutrient	Mix	(F-12)	(ThermoFisher	
Scientific)	or	Dulbecco's	phosphate-buffered	saline	(DPBS)	(ThermoFisher	Scientific).	
All	solutions	should	be	prepared	the	day	before	or	the	day	of	an	experiment	and	stored	
at	4°C.	The	amount	and	measurements	of	reagents	shown	here	are	recommended	for	
peeling	and	dissociation	of	10	adult	mouse	tongues	(see	Note	1).	
	 2.1.	Base	Solutions	
1. Base	Solution	I:	F-12	with	1	%	Penicillin-Streptomycin	(Pen-Strep)	
(ThermoFisher	Scientific).	Add	49.5	mL	F-12	to	50	mL	conical	tube.	Add	0.5	
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mL	Pen-Strep	and	mix	by	vortexing.	Store	at	4	°C.		
2. Base	Solution	II:	DPBS	with	50	mM	EDTA	(Sigma,	FW	292.24)	pH	8.0.	Add	60	
mL	DPBS	to	a	100	mL	glass	beaker.	Weigh	out	900	mg	EDTA	and	add	to	DPBS	
in	glass	beaker.	Stir	with	magnetic	stir	bar	and	adjust	pH	using	NaOH	(see	
Note	2).	Transfer	solution	to	125	mL	glass	bottle.	Store	at	4	°C.	
2.2.	Peeling	Solution	
1. Peeling	Solution:	Base	Solution	I	with	3	mg/mL	Dispase	II	(Roche).	Add	10	mL	
Base	Solution	I	to	15	mL	conical	tube.	Weigh	out	30	mg	Dispase	II	and	add	to	
conical	tube.	Mix	by	vortexing	(see	Note	3).	Store	at	4	°C.	
2.3.	Dissociation	Solutions	
1. Digestion	Buffer	I:	Base	Solution	I	with	1.5	mg/mL	Collagenase	B	(Roche),	1	
mg/mL	Elastase	(Worthington),	2	mM	CaCl2	(Sigma,	FW	147.01)	and	5	U/mL	
DNase	I	(Roche).	Add	4	mL	Base	Solution	I	to	5	mL	polypropylene	tube.	Weigh	
out	6	mg	Collagenase	B,	4	mg	Elastase	and	1.2	mg	CaCl2,	then	transfer	all	to	
polypropylene	tube.	Mix	by	vortexing.	Add	2	μL	DNase	I	(add	DNase	I	the	day	
of	experiment).	Store	at	4	°C.	
2. Digestion	Buffer	II:	Base	Solution	I	with	0.25%	Trypsin-EDTA	(ThermoFisher	
Scientific)	and	0.5	mM	EGTA	(Sigma,	FW	380.4).	Add	2	mL	Base	Solution	I	and	
2	mL	0.5	%	Trypsin-EDTA	to	5	mL	polypropylene	tube.	Weigh	out	1	mg	EGTA	
and	transfer	to	polypropylene	tube.	Mix	by	vortexing.	Store	at	4	°C.	
2.4.	Cell	Sorting	Solution		
1. FACS	Buffer:	Base	solution	II	with	25	mM	HEPES	(ThermoFisher	Scientific),	1	
mM	EDTA	and	1%	BSA	(Sigma)	pH	7.0.	Add	39	mL	Base	Solution	II	and	1	mL	1	
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M	HEPES	to	50	mL	conical	tube.	Weigh	out	12	mg	EDTA	and	400	mg	BSA	and	
transfer	to	conical	tube.	Mix	by	vortexing.	Store	at	4	°C.	
3.	Methods		
3.1.	Peeling	
1. Dissect	entire	tongue	from	each	mouse	(see	Note	4).	Immediately	place	
dissected	tongue	in	petri	dish	(60	mm	x	15	mm)	containing	15	mL	ice	cold	
Base	Solution	II	for	~2	min	to	rinse	blood	from	tongue.	
2. Transfer	tongue	to	new	dry	petri	dish	(100	mm	x	15	mm)	without	Base	
Solution	II	(see	Note	5).		
3. To	obtain	the	anterior	tongue	epithelium	where	the	majority	of	fungiform	
papillae	reside,	hold	the	tongue	gently	between	the	tines	of	#5	forceps	and	
inject	approximately	0.2	mL	of	Peeling	Solution	into	the	ventral	side	of	the	
tongue	using	a	30G	needle	and	1	ml	syringe	(Fig.	A.1A	black	arrow,	B	
syringe	needle-white	arrow,	and	G’-G’’’).	Inject	another	0.2	mL	of	Peeling	
Solution	into	the	dorsal	side	of	the	tongue	initiated	at	the	intermolar	
eminence	(IE)	(Fig.	A.1C	black	arrow,	D	syringe	needle-white	arrow,	and	
H’-H’’’).	Always	inject	between	the	muscle	and	epithelium	(see	Note	6).	Inject	
the	solution	gradually	once	the	needle	is	fully	inserted,	starting	at	the	tip	of	
the	tongue,	and	moving	posteriorly	as	the	needle	is	finally	withdrawn	at	
injection	site.	This	will	result	in	a	homogeneous	distribution	of	Peeling	
Solution	and	provide	the	best	efficacy	for	removal	of	the	epithelium.		Once	
Peeling	Solution	has	been	injected,	the	anterior	tongue	will	have	a	balloon-like	
appearance	(Fig.	A.1G’’’	and	H’’’	black	arrowheads).	
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a. It	is	important	to	inject	the	Peeling	Solution	slowly	to	prevent	
puncturing	of	the	epithelium	by	the	needle	or	epithelial	tearing	
caused	by	rapid	fluid	injection.		
4. To	obtain	the	posterior	tongue	epithelium	including	the	circumvallate	papilla,	
inject	0.2	mL	of	Peeling	Solution	at	the	anterior	dorsal	side	of	the	
circumvallate	papilla	(Fig.	A.1F	syringe	needle-white	arrow)	and	another	
0.2	mL	of	Peeling	Solution	from	posterior	dorsal	side	of	the	papilla,	injecting	
into	the	region	beneath	the	epithelium	and	above	the	muscle	(Fig.	A.1E	
syringe	needle-white	arrow).	
5. Place	injected	tongue	in	30	mL	Base	Solution	I	in	a	40	mL	glass	beaker	at	
room	temperature	for	15-20	min	(see	Note	7).	
6. Transfer	tongue	to	15	mL	Base	Solution	II	in	a	60	mm	x	15	mm	petri	dish.	
Using	iridectomy	scissors	(Fig.	A.2A’	black	arrow),	make	a	small	incision	in	
the	epithelium	of	the	ventral	tongue,	parallel	to	the	long	axis	of	the	tongue;	
this	will	aid	in	removing	the	dorsal	epithelium	from	the	mesenchyme.	The	
epithelium	should	come	away	easily	with	the	help	of	#5	forceps,	using	one	
pair	to	carefully	grab	and	pull	the	epithelium	at	the	ventral	cut	edges	(Fig.	
A.2A”	black	arrowhead),	and	another	pair	to	gently	secure	the	remaining	
body	of	the	tongue	in	place	(Fig.	A.2A’’	white	arrowhead).		At	this	point	the	
anterior	tongue	epithelium	is	still	attached	to	the	dorsal	tongue	at	the	level	of	
intermolar	eminence.		
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Figure	A.1.	Injection	of	Peeling	Solution	to	obtain	anterior	and	posterior	lingual	
epithelium.		
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Figure	A.1.	Injection	of	Peeling	Solution	to	obtain	anterior	and	posterior	lingual	
epithelium.		
(A-F)	Close	up	images	of	tongue	orientation	and	injection	sites.	(A,	B,	G’-G’’’)	Ventrally,	
the	needle	is	introduced	at	the	most	posterior	cut	edge	of	the	ventral	epithelium	(black	
arrow	in	A,	white	arrow	and	syringe	needle	in	B),	keeping	the	needle	as	parallel	to	the	
tongue	as	possible	and	slowly	injecting	solution	between	the	epithelium	and	
mesenchyme.	The	epithelium	will	start	to	balloon	and	separate	from	the	mesenchyme	
(black	arrowhead	in	G’’’).	(C,	D,	H’-H’’’)	Dorsally,	the	needle	is	introduced	at	the	border	
between	the	anterior	tongue	and	intermolar	eminence	or	at	the	intermolar	eminence	
proper	(IE	and	black	arrow	in	C,	white	arrow	and	syringe	needle	in	D),	again	
approaching	from	the	posterior	end	of	the	tongue.	The	needle	is	kept	as	parallel	to	the	
tongue	as	possible.	Solution	is	injected	all	the	way	to	the	tip	of	anterior	tongue	(AT	in	C)	
by	first	advancing	needle	to	the	tip	and	then	commencing	injection	as	the	needle	is	
slowly	withdrawn.	At	this	point	the	epithelium	will	separate	from	the	mesenchyme	and	
the	anterior	tongue	will	have	a	balloon-like	appearance	(black	arrowhead	in	H’’’).	(E,	F)	
To	obtain	peeled	posterior	tongue	epithelium	including	the	circumvallate	papilla,	the	
needle	is	inserted	0.7	–	1	mm	from	circumvallate	papilla	(CVP	in	E),	first	posteriorly	(E,	
white	arrow	and	syringe	needle)	and	then	anteriorly	(F,	white	arrow	and	syringe	
needle).	Note:	for	all	injections,	the	needle	should	perforate	the	tongue	at	a	~5°	angle	or	
less	(almost	parallel	to	the	tongue	surface)	with	the	bevel	facing	up.	Scale	bar	A-F:	5	
mm.	
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7. To	completely	separate	the	peeled	epithelium	from	the	tongue,	cut	the	
epithelium	at	the	limit	between	the	anterior	tongue	and	the	intermolar		
eminence	with	iridectomy	scissors	(Fig.	A.2A’’’	black	arrow).	Rinse	peeled	
epithelium	using	Base	Solution	II	from	step	6	(Fig.	A.2A’’’’	black	arrowhead).	
8. Still	in	Base	Solution	II,	cut	the	peeled	epithelium	into	pieces	(6-8	pieces)	with	
a	sharp	scalpel.	
3.2.	Dissociation	
1. Carefully	place	tongue	epithelium	pieces	in	a	5	mL	polypropylene	tube,	and	
add	Digestion	Buffer	I.	Use	1	mL	of	Digestion	Buffer	I	for	every	5	tongues	(i.e.	
for	10	tongues	add	2	mL	Digestion	Buffer	I).	
2. Incubate	in	a	37	°C	water	bath	for	30	min.	
3. Prewarm	Digestion	Buffer	II	in	a	37°C	water	bath.	
4. After	the	tissue	has	incubated	for	30	min	in	Digestion	Buffer	I,	vortex	the	tube	
briefly	and	triturate	tissue	with	a	glass	pipette	for	1	min.		
5. Let	undigested	tissue	sink	to	the	bottom,	then,	using	a	5	ml	pipet,	transfer	
supernatant	containing	dissociated	cells	to	a	new	5	mL	polypropylene	tube.		
6. Add	ice	cold	FACS	Buffer	to	supernatant	containing	dissociated	cells	(from	
step	5)	and	place	tube	on	ice.	Add	2	mL	FACS	Buffer/1	mL	Digestion	Buffer	I	
(i.e.	for	10	tongues	add	4	mL	FACS	Buffer).	
7. Add	prewarmed	Digestion	Buffer	II	to	remaining	tissue	from	step	5	to	further	
digest.	Use	1	mL	of	Digestion	Buffer	II	per	5	tongues	(i.e.	for	10	tongues	add	2	
mL	Digestion	Buffer	II).	
8. Incubate	in	a	37	°C	water	bath	for	30	min.	
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Figure	A.2.	Following	digestion	with	Peeling	Solution,	the	epithelium	is	removed	
by	fine	dissection.		
(A’)	A	small	incision	is	made	in	the	most	posterior	cut	edge	of	the	ventral	epithelium	
using	iridectomy	scissors	(black	arrow).	(A’’)	Forceps	are	used	to	gently	grasp	and	pull	
the	epithelium	(black	arrowhead)	starting	from	ventral	side	while	another	pair	of	
forceps	holds	the	tongue	mesenchyme	(white	arrowhead).	The	epithelium	is	gently	
pulled	from	the	body	of	the	tongue,	which	is	still	held	in	place.	(A’’’)	Forceps	are	used	to	
pull	the	epithelium	back	over	the	anterior	tip	of	the	tongue	until	the	epithelium	is	only	
connected	to	the	tongue	at	the	intermolar	eminence;	this	connection	is	then	cut	with	
iridectomy	scissors	releasing	the	epithelium	from	the	tongue	(black	arrow).	(A’’’’)	
Peeled	epithelium	is	rinsed	(black	arrowhead)	in	Base	Solution	II	following	dissection.	
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9. Filter	the	contents	of	tubes	from	steps	6	and	7	using	a	40-μm	cell	strainer	and	
collect	in	a	single	50	mL	Falcon	tube.		
10. Rinse	tubes	from	step	6	and	7	with	FACS	buffer	and	filter	through	the	cell	
strainer	into	the	50	ml	Falcon	tube.	Repeat	to	bring	the	total	volume	to	20	mL	
in	the	50	mL	Falcon	tube.	
11. Count	cells.	
12. Centrifuge	for	5	min	at	2000	RPM	at	4	°C.		
13. Aspirate	supernatant	(carefully,	without	disturbing	cell	pellet)	and	
resuspend	dissociated	single	epithelial	cells	in	FACS	buffer	for	desired	cell	
concentration	(see	Note	8).		
4.	Notes	
1.	This	protocol	can	be	scaled	up	and	has	been	tested	using	up	to	110	mice	in	one	
day.	
2.	EDTA	will	not	dissolve	until	solution	has	reached	pH	8.	To	acquire	pH	8	use	10	
M	NaOH.	
3.	Aliquots	of	2	mL	Peeling	solution	in	eppendorf	tubes	facilitate	loading	the	
syringe	for	lingual	injections.	
4.	Mice	should	be	sacrificed	following	protocols	approved	by	the	Animal	Care	
and	Use	Committee	of	your	institution.	
5.	Using	a	larger	petri	dish	provides	a	broader	angle	when	injecting	Peeling	
Solution.	
6.	Ventrally:	needle	should	be	introduced	at	the	most	caudal	edge	of	the	
epithelium	(Fig.	A.1B).	Dorsally:	needle	should	be	introduced	at	the	limit	
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between	the	anterior	tongue	and	the	intermolar	eminence	(Fig.	A.1D).	Needle	
should	perforate	the	tongue	at	a	~5°	angle	(almost	parallel	to	the	tongue	
surface)	with	bevel	facing	up.	
7.	For	better	peeling,	leave	tongues	at	least	20	min	in	base	solution	I	at	room	
temperature	after	injections.	
8.	For	cell	sorting	use	1	mL	of	a	10	million-cells/mL	suspension.	
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